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SUMMARY 
 
The performance of the Upflow Anaerobic Sludge Blanket (UASB) technology was 
studied to assess its feasibility for municipal wastewater treatment. In this study, 2 
reactors with effective volumes of 30 L and 40 L were fabricated and seeded with 
digester sludge. The reactors were operated at a controlled temperature of 30
0
C and 
pH 6.8 – 7.2. The main objective was to study the impact on the reactors‘ 
performance at different HRTs. The 40 L reactor (UASB 1) was monitored for a total 
of 520 days (at 16-h HRT for 235 days and at 8-h HRT for 285 days). The 30 L 
reactor (UASB 2) was monitored for a total of 415 days (12-h HRT for 30days, 6-h 
HRT for 225 days, 4-6hrs alternating HRT for 90 days and 4 h HRT for 60days). 
Results showed that the treatment efficiencies of the UASB generally decreased as 
HRT decreased. The optimum operating HRT was observed to be between 6-8hrs. At 
6 h HRT, removal efficiencies only decreased slightly compared to the reactor 
running at 8 h HRT. For solids removal, the corresponding reductions dropped from 
58.5% to 57.6%, for TSS and 60.2% to 56.1% for VSS, respectively. In terms of 
average COD removal, the decrease was from 59% to 57% for tCOD, and 40.4% to 
38% for sCOD, respectively. The average biogas production of was found to be 6.9 - 
7.6 L/d and the average specific CH4 production of 0.152 L CH4/g tCOD removed was 
achieved. The UASB was also capable of achieving 49 – 53% of sulphate (SO4) 
removal on average at all HRTs studied, while showing negative removals for 
nitrogen, phosphorus and ammonia.  
 
  ix 
Granulation was achieved in this study using domestic wastewater and was observed 
to occur between 250 -300 days after start-up. The sludge concentration was found to 
decrease as the height of the reactors increase except at the Gas Liquid Separator 
(GLS) region where solids were captured and accumulated. The average sludge 
concentration at the middle (0.65 m from the bottom of the reactor) of the sludge bed 
was found to be 35 g/L for TSS and 23 g/L  in terms of VSS. Black granular particles 
with average diameter of 2.5 -3.3 mm was found throughout the anaerobic sludge bed 
and the sludge blanket. Average total VFA removals were found to be approximately 
85% and no over accumulation of organic acids were observed for both reactors. The 
alkalinity detected in the effluent ranged from 302 – 324 mg CaCO3/L and provided 
sufficient buffer capacity to maintain the effluent pH between 6.8 and 7.2. No external 
dosing of 0.1M sodium bicarbonate was required throughout the study. 
 
Microscopic examination and TRFLP analysis revealed diversity in the archaea and 
bacteria microbial communities possibly existed in syntrophic relationship. Rod-
shaped micro-organism resembling methanosaeta were found.  FISH techniques on 
granular sludge also successfully detected and verified the presence of Archea and 
Bacteria which supported the TRFLP results. 
 
When alternating HRT of 4 and 6 h was applied over a 12 hour interval per day, 
results show that this measure did not destabilize the anaerobic reactions in the UASB 
and the daily biogas production was not significantly affected. A tCOD removal of 
40.5% was achieved which was higher, compared to 36% when the reactor was 
running at a fixed HRT of 4 h. 
 
  x 
Results of volatile solids reduction test to determine biosolids stability showed that 
anaerobic sludge from the UASB did not fulfil the requirements of less than 17% 
volatile solids reduction based on White House Document (USEPA, 1992). This 
could be due to the high specific methanogenic activity present in the UASB sludge. 
 
Fractionation of effluent produced by the UASB suggested that more organic 
compounds with apparent molecular weights between 10 and 100 kDa were produced 
or remained untreated at lower HRTs.  The percentage of organics with molecular 
weight smaller than 1 kDa also decreased significantly from 83% at 16 h HRT to 46% 
at 4 h HRT. 
 
The extra-cellular polymeric substances (EPS) content (protein and carbohydrate) in 
the anaerobic sludge was found to decrease as the height of the reactor increase which 
could be related to differences in biomass concentration at the respective heights. The 
protein concentration was also found to be generally higher than the carbohydrate 
concentration. As the HRT was lowered, however, the total carbohydrate 
concentration from sample port 4 increased while its protein concentration did not 
change significantly. 
 
  xi 
NOMENCLATURE 
 
AF   Anaerobic Filter 
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sCOD   Soluble Chemical Oxygen Demand 
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SEM   Scanning Electron Microscope 
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  xiii 
 
STP   Sewage Treatment Plant 
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CHAPTER ONE   INTRODUCTION 
1.1 Background 
Anaerobic reactors have been successfully adopted in full-scale plants world-wide for 
treating high-strength industrial wastewater over the last few decades. Recently, there 
has been significant interest in exploring this technology for treating low-strength 
domestic wastewater as well. Previously, it was thought that this was not practical as 
methane fermentative process were considered too slow to be able to treat the high 
volume of domestic sewage at a high rate. Moreover, the microbial activity was found 
to further deteriorate at low temperatures, which make this process less favourable in 
regions with temperate climates (Lew et al., 2003). With technological advances and 
better understanding of anaerobic microbial characteristics in recent years (Yuji et al., 
2001), there are potential possibilities that under control conditions, such barriers can 
be gradually overcome. This increased in realization of the potential of anaerobic 
treatments is evident from the large number of recent research publications on this 
process.  
 
Aerobic process was still very popular for biological treatment of waste up to the late 
1960s. However, the energy crisis in the early 1970s, combined with increasing 
stringent pollution control regulations, brought about a significant change in the 
methodology of waste treatment (Kansal et al., 1998). Energy conservation in 
industrial processes became a major concern and anaerobic processes rapidly emerged 
as an acceptable alternative. This led to the development of a range of reactor designs 
suitable for treatment of low, medium and high strength wastewater. 




In Singapore sewage treatment, the aerobic processes (CAS (Conventional Activated 
Sludge) and MBR (Membrane Bioreactor) in the near future) have proven to be 
effective in producing high quality effluent to meet the discharge and water 
reclamation requirements. However, aerobic systems are natural and net energy 
consuming process, mainly due to the aeration requirements to sustain the aerobic 
microbial populations. Anaerobic process on the other hand, does not require aeration 
and produces methane gas as a by-product during biodegradation of the complex 
organics, which can be utilized as fuel for energy production.  Coupled by other 
advantages such as low sludge production and natural in process, simplicity in 
operation makes anaerobic technology environmentally friendly, cost-effective and 
economical. 
 
Compared to other anaerobic technologies such as the Anaerobic Sequencing Batch 
Reactor (ANSBR) and Anaerobic Filter (AF), the Upflow Anaerobic Sludge Blanket 
(UASB) reactor developed by G. Lettinga (Haandal et al., 1994) is by far the most 
successful high rate anaerobic system, with a reported figure of over 1000 full scale 
plants operating worldwide treating industrial wastewater (coffee wastewater, piggery 
wastewater, brewery wastewater). Though it seems obvious that the tropical climate 
in our region will favour anaerobic reactions, there is a lack of study on this system 
configuration for treating domestic wastewater especially for water reclamation 
purposes. In Brazil, Chernicharo et al. (1999) showed that his partitioned UASB could 
achieve a COD removal of 80% for treating sewage from small communities despite 
operating at a low HRT of 7.5 h. This demonstrated high-rate capability of UASB 
may be the ideal anaerobic system to handle the large volume of domestic sewage that 




needs to be treated daily. More investigation thus needs to be carried out to verify its 
potential. 
 
However, anaerobic processes are not very efficient when it comes to nutrients 
removal (such as Nitrogen and Phosphorus). Thus aerobic processes are still required 
as a polishing step on the anaerobic effluent to achieve the required standards for 
nutrients discharge or for further water reuse. Goncalves (Ricardo et al., 1998) has 
shown that a UASB integrated with a submerged aerated biofilter system can further 
increase removal efficiency to above 90% in terms of BOD5, COD and SS.  
Chernicharo et al. (1998) also demonstrated a similar improvement through a UASB/ 
AF system. Taking into consideration of the environmental and economic benefits, it 
is believed that the integration of anaerobic pre-treatment and aerobic polishing 
processes may hold the key to make domestic wastewater treatment cost-effective and 
more efficient in the near future. More work, however, needs to be done to analyze 
nutrient removal efficiency and thus there is a need to evaluate the UASB 
performance treating Singapore domestic wastewater, which is currently lacking.  
 
 




1.2 Objectives and Scope of Study 
The various tasks and objectives for this research project are described in this section. 
The entire project schedule is summarized in Table 1. 
 
1.2.1 Task 1: Evaluation of performance of UASB reactor 
during start-up  
The start-up period can be described by the time required for the UASB to achieve 
stable performance in terms of removal efficiency. Depending on the wastewater 
characteristics and temperature conditions, the start up time can vary between 90 to 
120 d as reported in literature. 2 UASB reactors were set up in attempt to determine 
the optimal start-up times for the reactors. 
 
1.2.2 Task 2: Study on the performance of the UASB reactor 
under different HRTs 
One of the main parameters noted to affect the efficiency of the UASB is the 
operating HRT and upflow velocity. A low HRT allows a large volume of wastewater 
to be treated but it increases the risk of biomass washout. In this study, the 
performance of UASB under HRTs of 16, 12, 8, and 4 h were assessed for at least 60 
d based on literature recommendations (Ricardo et al., 1998). It is hoped that the 
results will provide us with a good indication of the optimum HRT the UASB should 
be operated under local conditions. 
 




1.2.3 Task 3: Study on the sludge profile along the UASB 
reactor at different HRTs 
Due to different upflow velocities applied to the UASB reactor at different HRTs, the 
sludge concentration at different heights of the reactor may change over time. The 
study on sludge profile may reveal some information on how this impact might affect 
the reactor‘s treatment efficiency and granulation process.  
 
1.2.4 Task 4: Investigation of UASB sludge treatability and 
biosolids stability 
One of the advantages of anaerobic process as mentioned was low sludge production. 
In a water or wastewater treatment facility, there is always a need for sludge treatment 
and management. Hence, it is important to evaluate the sludge stability from the 
UASB reactor and compare the findings with the normal digested sludge taken from a 
local wastewater treatment plant. 
 
1.2.5 Task 5: Study on the molecular weight distribution of 
influent and effluent of UASB  
 
Soluble Microbial Products (SMPs) are soluble organic material (often resulted from 
substrate metabolism and bacteria growth) found in the effluents of biological 
wastewater treatment process which can contribute to BOD5 and COD. Some also 
exhibit toxicity and metal chelating properties which can affect the performance of 
downstream treatment process. Recently, it has been speculated that these materials 
play a part in fouling of membrane systems. Hence, it is of interest and also important 




to investigate the MW distribution of SMPs from UASB reactors. Results could be 
used to explain its treatment performance and also provide useful information on the 
suitability of the anaerobic effluent for post-treatment. 
 
 
1.2.6 Task 6: Microscopy and microbiology analysis of 
UASB sludge  
Granulation is a unique feature and development in UASB reactors. The presence of 
granules enhances biogas production and promote reactor stability. Sludge samples 
were monitored frequently along the different heights of the reactor to track the 
changes in sludge composition, shape and floc sizes at different HRTs.  Imaging tools 
such as microscopes and SEM were used to study the physical characteristics of the 
anaerobic sludge matrix. Microbiology analytical methods were also being employed 
to gain more insight by detecting and identifying some of the dominant/common 
microbes present in the anaerobic sludge from the UASB. The techniques and scope 
of work used in this research study is described below 
 
 Use of terminal restriction fragment length polymorphism (T-RFLP) as a 
microbial fingerprinting method to study the population dynamics of 
members of the domain Bacteria and Archaea during the operation of 
different reactor types under different HRTs. 
 
 Use of fluorescence in-situ hybridization (FISH) to identify the presence of  
methanogens and sulphate reducing bacteria in the granulated sludge of the 
UASB reactor. Two well-known methanogens, Methanosarcina and 




Methanosaeta, were targeted to investigate which was the dominant 
species present in sewage wastewater. 
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CHAPTER TWO   LITERATURE REVEIW 
2.1 Fundamental of Anaerobic Reactions 
2.1.1 Hydrolysis 
This is the 1
st
 stage of degradation (Fig. 1) where particulate matter is converted or 
hydrolyzed into dissolved compounds with lower molecular weights. Mediation is 
required by exo-enzymes that are excreted by fermentative bacteria. Carbohydrates 
are broken down into simple sugars (mono ad disaccharides), proteins are degraded 
via (poly) peptides to amino acids and lipids are transformed to long fatty acid chains 
and glycerine. In reality, this process is often the rate limiting step for the overall rate 
of anaerobic digestion. It has been found that the conversion rate of lipids decreases 






The dissolved products from liquefaction step are then taken up in the cells of the 
fermentative bacteria. They are excreted as simple organic compounds such as 
volatile fatty acids, alcohols, lactic acid and mineral compounds such as carbon 
dioxide, hydrogen, ammonia and hydrogen sulphide gas after acidogenesis. This stage 
of fermentation is performed by a diverse group of bacteria which consists mainly of 
obligate anaerobes. However, some are facultative and are capable of metabolizing 
organic matter via the oxidative pathway. This is important in anaerobic sewage 
treatment because dissolved oxygen might otherwise become toxic to obligate 
anaerobic organisms such as methanogens. 





Suspended Organic Matter 
Proteins, Carbohydrates, 
Lipids 
Amino acids, Sugars Fatty acids 
Intermediates Products 

































Figure 1: Process chat of anaerobic reactions (Haandel et al. 1994) 
 
2.1.3 Acetogenesis 
This is the stage where the intermediates products are converted to the final products 
for methanization, namely acetate, hydrogen and carbon dioxide. Approximately 70% 
of the COD present in the influent originally is converted into acetic acid and the 
remainder of the electron donor capacity is concentrated in the formed hydrogen. The 
formation of acetic acid may be accompanied by the formation of hydrogen or carbon 
dioxide depending on the oxidation state of the original organic matter. 
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The chemical reaction possibilities are shown in the equations below: 
when y < 2z (Nel < 4): 
 









COyzCOOHCHzyxOHzyxOHC zyx   
           (2.1) 
when y < 2z (Nel > 4): 






OHzxOHC zyx     (2.2) 
It is possible that both processes take place simultaneously in a mixture of difference 
organic pollutants such as domestic wastewater. However, more hydrogen than 
carbon dioxide is formed due to the average number of electrons that are available in 
organic matter is generally higher than four per carbon atom. As a result, the 
conversion of the influent organic matter into the acetic acid is accompanied by the 
formation of hydrogen. 
 
2.1.4 Methanogenesis 
This is often the rate limiting step in the entire digestion process, although hydrolysis 
may be the one under low temperature conditions. Methane is produced from acetate 
or from the reduction of carbon dioxide by hydrogen acetotrophic and 
hydrogenotrophic bacteria respectively: 
Acetotrophic methanogenesis: 
243 COCHCOOHCH         (2.3) 
Hydrogenotrophic methanogenesis 
OHCHCOH 2422 24         (2.4) 
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Methane that is produced by bacteria utilizing hydrogen and carbon dioxide grow 
faster than those using acetate so that the acetotrophic methanogens are usually rate 
limiting with respect to the transformation of complex macromolecules in domestic 
wastewater to biogas. 
 
The different groups of bacteria involved in the conversion of influent organic matter 
all exert anabolic and catabolic activity. Therefore, new biomass formed is associated 
with the four stage processes, parallel to the release of the different fermentation 
products. As a form of simplification, the first three stages are sometimes grouped 
together known as acid fermentation, whereas the last stage is termed separately as 
methanogenic fermentation. 
 
There are 2 critical aspects which must be highlighted with respect to the different 
processes that take place during anaerobic digestion: 
 
Removal of organic matter (COD) during the acid fermentation is limited to the 
release of hydrogen. Approximately 30% of the organic matter is broken down into 
methane through the hydrogenotrophic pathway. Therefore, it is important that a 
sufficient amount of acetotrophic methanogens is developed for effective treatment of 
organic matter in an anaerobic treatment system. 
 
Acid fermentation and accumulation tend to lead to a decrease in pH due to the 
production of volatile fatty acids and other intermediates that dissociate and produce 
protons. Since methanogenic reactions will only perform well under neutral 
conditions, instability may occur if the rate of acid production is greater than its 
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removal by methane production. Such net accumulation of acid will reduce the pH, 
causing methanogenic activity to drop further. Such ‗souring‘ of anaerobic reactors is 
one of the common operational problems encountered in practice in anaerobic 
wastewater systems. This can be minimized by maintaining the proper balance of pH 
in the wastewater. Thus the buffer capacity of the system should be sufficiently high. 
 
2.2 UASB Technology 
The UASB reactor developed by G. Lettinga (Haandel et al., 1994)  is by far the most 
successful high rate anaerobic system, with a reported figure of over 200 full scale 
plants operating worldwide treating industrial wastewater (e.g., coffee wastewater,  
piggery wastewater , brewery wastewater). Though it seems obvious that the tropical 
climate in our region will favour anaerobic reactions, there is a lack of study on this 
system configuration for treating domestic wastewater, especially for water 
reclamation purposes.  
 
In Brazil, research study had (Chernicharo et al, 1999) shown that a partitioned UASB 
could achieve a COD removal of 80% for treating sewage from small communities 
despite operating at a low HRT of 7.5 h. This result is similar to another study done 
on a 55L UASB treating municipal sewage over a 200 d trial (Behling et al., 1997). 
The HRT was controlled at 7.6 h and despite the variations in the strength of the 
sewage under an average loading rate of 1.21 kg COD/m3.d, the COD removal 
efficiency was found to be at an average of 80% as well. A lab study in Spain showed 
that at 5 h HRT and a temperature of 20
o
C, UASB systems are capable of achieving 
COD and SS removal of about 53% and 63%, respectively (Ruiz et al., 1998). 
Contrary to this however, in another study, the average total COD removals and 
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soluble COD removals achieved were 70% and 80%, respectively. This performance 
was achieved despite at an operating HRT of 4.7 h, and a temperature range of 13-
25
o
C, for six months (Shigeki et al., 2000). 
 
The demonstrated high-rate capability of UASB suggests that it may be the ideal 
anaerobic system to handle the large volume of domestic sewage that needs to be 
treated daily. Its feasibility for sewage treatment is well reported in many tropical 
countries where external heating can be avoided (Mahmoud et al, 2002). It is also 
interesting to note that regardless of whether the system undergoes regular sludge 
wasting or operates at ―maximum sludge holdup‖, the performance of the UASB 
system did not improve significantly (Halalsheh et al., 2005). This was reported based 
on a 96m
3 
pilot plant treating strong sewage, running at 24 h HRT with a total COD 
removal efficiency of 62% during summer and 50% during winter. This suggests that 
there could be potential significant savings on sludge handling, making the UASB 
reactor system an even more attractive option. More research should however, be 
made to verify this claim under lower HRTs. 
 
The UASB system is thus singled out among various anaerobic sewage treatment 
technologies as one which holds great prospect, especially in developing countries 
which usually possess hot climates (Gnanadioathy and Polprasert, 1993; Souza and 
Foresti, 1996; Foresti, 2001). This is because the system operates generally without 
moving parts, yet remains robust and capable of achieving high-rate anaerobic 
reactions. Biogas, which comprises mostly of methane can be captured and used to 
provide energy services either by direct heating or through the generation of 
electricity. Anaerobic digestion also destroys pathogens and this method is used to 
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generate biogas in many current digestors. The biogas is burned to produce heat to 
maintain the temperature of the digester process in cold climate countries. These 
aspects limit both capital and operating costs (Schellinkhout and Collazos, 1992). 
 
However, it has been reported that for a volumetric loading rate that is below 1-2 kg 
COD/m
3
.d, biogas production is limited (Lettinga et al., 1993). This may affect 
energy balance and lead to inadequate mixing of reactor contents. While the typical 
COD concentration ranges between 250-1000 mg/L (Crities and Tchobanoglous, 
1998), the composition is usually quite complex, comprising relatively a large fraction 
of particulate COD in addition to proteins, detergents and fatty compounds among 
other barely known compounds depending on source and location of the treatment 
plant (Kalogo, 2001: Mahmoud, 2002). 
 
On top of that, it has also been reported that the presence of high concentration of 
heavy metals can disrupt and inhibit anaerobic reactions. It was found that heavy 
metals: Cadmium, Chromium, Copper, Nickel and Zinc, in general, inhibit the 
bioactivities of fermentative/acidogenic bacteria more than those of menthanogens 
and acetogens (Herbert, 1997). 
 
Despite the proven track record in industrial wastewater treatment, the UASB process 
for the treatment of domestic wastewater still faces many operating challenges which 
needs to be further addressed and overcome, such as long start-up time (3-6 months), 
poor gas production under low organic loading, inability to form self-immobilized 
bacterial granules, and necessity for post treatment of the effluent. This means that 
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aerobic processes are still required as a polishing step on the anaerobic effluent in 
order to achieve the required standards for discharge or for further water reuse. 
 
The use of seed sludge during start up was thought to be beneficial to reduce start up 
time of the UASB reactor. However, in a study conducted by Barbosa, he found it was 
possible to start a reactor fed with just domestic sewage without inoculum (Barbosa et 
al., 1989). Running the 120L reactor over a nine month period, at 19 to 28
o
C, under 
4h HRT, average removal efficiencies of 78%, 74% and 72% were obtained for BOD, 
COD and TSS,  respectively. The start-up time required was reported at 4 months. 
 
In a recent paper review (Aiyuk et al., 2005), it was highlighted that hydrolysis could 
often be the limiting factor imposing limitations to the anaerobic digestion process. 
This is due to the high amount of suspended organic matter often found present in 
complex domestic wastewater (Foresti, 2001).  The problem is complicated under low 
temperature conditions, where it was reported that the rate of hydrolysis can drop 
from 58 to 33% when the temperature decreases from 25 to 13
o
C (Sheigeki et al., 
2000). 
 
This problem is further amplified when the UASB is operated under low HRT 
conditions where periodic, uncontrolled wash out of active biomass tends to increase. 
Such a drawback could be overcome by the use of a pre-settling phase where the 
suspended solids could be removed. Natural setting can be slow and thus chemical 
addition can be used to increase the rate if required.  
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Anaerobic processes are not very efficient when it comes to nutrients removal (such 




 had limited or 
otherwise insignificant removal in anaerobic treatment, post treatment is deemed 
necessary for nutrient removal to ensure protection to the natural water receiving 
bodies during discharge. At present, however, it is not obvious and definite yet which 
type of post-treatment is the best alternative. The choice very often depends on:  the 
required effluent quality, the land area available, the allowable budget, the 
effectiveness of the system, the independence on imported equipment and operational 
flexibility. 
 
Many lab-scale modifications, hybrid reactors and research studies have thus been 
made to the original UASB reactor in attempt to improve its removal efficiency. A 
UASB-Digester system (Mahmoud et al., 2004) showed that under HRT of 6 h, total 
and soluble COD removal efficiencies of 66% and 30%, respectively could be 
achieved compared to the performance of a single stage UASB reactor which was 
found to be 44% and 5%, respectively. Ricardo (Ricardo et al., 1998) found that a 
UASB integrated with a submerged aerated biofilter system can further increase 
removal efficiency to above 90% in terms of BOD5, COD and Chernicaharo et al. 
(1998) also demonstrated similar improvement through a UASB/AF (anaerobic filter) 
system. More work, however, needs to be done to analyze nutrient removal efficiency. 
Taking into consideration of the environmental and economic benefits, it is believed 
that the integration of anaerobic pre-treatment and aerobic polishing processes may 
hold the key to make domestic wastewater treatment cost-effective and more efficient 
in the near future. 
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2.3 Process Configuration and Description  
The typical UASB reactor (Fig. 2) is characterized by a special feature known as a 
three phase separator or GLS (Gas Liquid Separator) located at the top of the reactor, 
which aids to prevent solids from being washed out of the system (Haandel et al., 
1994). The biogas produced during anaerobic reactions is then channelled into a 
separate outlet. The UASB is classed as a high-rate system as it can retain a high 
amount of biomass in the form of dense flocculent sludge, granules or aggregates of 
micro-organisms.  This allows high SRT in relation to HRT and thus a high biomass 
concentration can be maintained at relatively low treatment time, making the process 
highly efficient and attractive. To add on, there is good contact between the biomass 
and wastewater due to good mixing as a result of circulation and biogas production.  
 
Figure 2: A typical UASB reactor 
One of the other features of this anaerobic process is its ability to develop granular 
sludge. This attribute allows most biomass to concentrate into attached growth, 
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can operate under steady conditions even at low hydraulic retention times and high 
organic loading rates (Lettinga et al., 1993). However, the formation of granules in 
UASB for domestic sewage treatment so far has not been found to be absolute 
compared to UASBs treatment of industrial wastewater. Lower organic loading and 
the presence of inhibitory substances present in the sewage wastewater could be one 
of the contributing factors, but the exact reasons remain unclear. Dolfing, Lin and 
Yang however, reported that granulation is not a pre-requisite for good reactor 
performance (Dolfing, 1986; Lin and Yang, 1991). 
 
The factors affecting granulation in UASB reactors are at present still not well 
understood and various schools of thoughts are reported. Some operational factors 
include temperature, pH, alkalinity, organic loading rate, upflow velocity, nature and 
strength of substrate, nutrients, multivalent cations and heaving metals, microbial 
ecology of seed sludge, exocellular polymer and addition of natural and synthetic 
polymers (Manoj et al., 2006). Based on these reviews, it seems likely that 
granulation requires a combination of environmental factors for formation, growth 
and stability, which will be discussed in the next section.  
 
2.4 Factors affecting granulation 
As mentioned in the previous sections, anaerobic degradation in the sludge blanket is 
a multi-step process comprising hydrolysis of complex organic substrates such as 
proteins, fat, and carbohydrates into soluble amino acids, lipids and sugars. This is 
followed by their fermentation to acetate, formate, hydrogen and carbon dioxide, 
which can then be utilized by the methanogenic bacteria to produce methane gas 
(Guger and Zehnder, 1983). This process of gas production helps to introduce mixing 
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in the sludge bed, promoting better substrate to bacteria contact and thereby reducing 
dead zones within the UASB. 
 
Unlike an anaerobic filter, there is no support medium in a UASB reactor. Different 
syntrohphic groups associate closely to form roughly spherically shaped clusters 
known as granules (Lettinga and Hulshoff Pol, 1991). These particles, ranging from 
0.1 to 5 mm in size, are found to have different properties compared to flocculent 
sludge such as higher shear strength (Schmidt and Ahring, 1996). Formation of 
granules is a unique feature and phenomenon in UASB and is believed to play a 
critical role in successful operation of UASB reactor. Granulated sludge has the 
following advantages (Show et al., 2004); 
1. Better settling properties. This allows higher hydraulic loading rate. 
2. Reduce inter-species mass transfer limitation between syntrophic groups. 
3. Ability to withstand high gas and liquid shear stress without disintegrating. 
4. Provide increased resistance to process shocks and toxins compared to 
dispersed sludge. 
In a granule, concentric layers of near-spherical biofilm possessing different bacterial 
tropic groups exists. Biomass and EPS (Extra cellular Polymeric Substances) are 
produced as each group of bacteria perform their respective roles during degradation 
of wastewater (Guiot et al., 1992). This is supported by a few literatures which 
indicated the existence of such segregated layers of microbial populations inside a 
granule (Guiot et al., 1992: Sekiguchi et al., 1999).  
 
Although, the theory on how granules are formed is still a subject of debate today due 
to various school of thoughts, the factors affecting the formation of granules are 
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generally believed to be related to and dependent on environmental and operational 
conditions (Speece, 1983). Some major factors will be discussed in the following 
sections. In the last 20 years, there has been constant research to enhance or optimize 
the process of granulation in UASB reactors. The size and density of the granules 
developed is critical since as size increases, diffusion becomes more rate limiting 
(Schmidt and Ahring, 1996). Dense granules provide better settling characteristics but 
may cause mass transfer limitations. Sparse granules on the contrary, lose 
intermediates to convection and have poorer settling properties (Lettinga and Hulshoff 
Pol, 1991).   
 
2.3.1 Temperature 
Optimum temperature range found for digestion in mesophillic conditions is between 
30 – 40 oC (Henze and Harremoes, 1983). For some thermophilic methanogens, the 
optimum growth temperatures are Methanosarcina sp. 55-58 
o
C, Methanosaeta sp. ~ 
70 
0
C, Methanobacterium sp. 65-70 and acetate utilizing mixed culture 60-65 (Zinder 
1990, Zinder et al., 1984). 
 
High temperatures are generally thought to improve the degaradation process and 
killing of pathogens (Uemura and Harada, 2000). In reality, the choice of operation at 
mesophillic or thermophillic very often depends on the influent temperature. Granules 
under thermophillic conditions at 55
 o
C were reported to disintegrate (Lau and Fang, 
1997). Mesophillic granules also tend to disintegrate under sudden fluctuations in 
temperature which can lead to reactor failure in some situations (Van Lier et al., 1990). 
Thus it can be seen that temperature control is important and essential in maintaining 
granule stability inside the UASB reactors. 




It was also found that from mesophilic to thermophilic conditions, the composition of 
the granules undergoes certain transformations even though the integrity of the 
granules remained the same (Macario et al., 1991). Granules at mesophillic conditions 
which were used as seed sludge provided a faster and more stable startup compared to 
thermophilic digester sludge even for starting a thermophilic UASB reactor (Syutsubo 
et al., 1997). Syutsubo also found that the layered structures of thermophilic granules 
were reported to be distinctively difference from mesophilic granules. However, the 
mechanism for this microbial adaptation process is still unclear. 
 
2.3.2 pH and Alkalinity 
A high partial pressure of hydrogen and stable pH value (close to 7) are the basis to 
develop good granular sludge (Gonzalez et al., 1998). It has also been reported that 
pH values of a microfile inside a granule are lower than the bulk liquid (Lens et al. 
1995). Methanogens are also more sensitive to pH changes compared to acidogenic 
populations. Therefore, under extreme pH conditions, methanogenesis processes are 
out competed by acid formation, resulting in accumulation of volatile fatty acids 
(VFA) in the reactor (Haandel and Lettinga, 1994). The buffering capacity of the 
reactor may also be exceeded due to such high acid concentrations, resulting in pH 
changes when differential growth of fermentative bacteria and methanogens occur. 
When the methanogens are inhibited or cannot survive, disintegration of granules 
occur (Florencio et al., 1995). 
 
Alkalinity provide the buffering capacity required in a UASB to prevent over 
accumulation of  VFAs and also aids to counter fluctuations brought about due to 
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variations in organic loading (Isik and Sponza, 2005). Hence, the ratio of alkalinity to 
chemical oxygen demand (COD) is also one of the key parameters for granulation 
(Gonzalez et al., 1998). The optimum alkalinity range in the influent was reported to 
be between 250-950 mg/L (Sing et al., 1999). 
 
2.3.3 Organic Loading rate 
Parameters that can affect granulation are also influenced by the organic loading rate 
(OLR) besides pH and alkalinity. Its fluctuation can be brought about by either 
variation in the influent COD or variation in flow rate of wastewater entering the 
reactor. As the OLR increases beyond its optimum range, it has been reported that pH 
will start to decrease because of the accumulation of VFAs. However, once the 
microbes recover and stabilize, the accumulated VFAs are normally metabolized, 





 was observed to work for the anaerobic digestion of sugar substrate (Wiegant 
and Lettinga, 1985), low OLR can lead to mass transfer limitation causing 
disintegration of granules (Ahn et al., 2002). There are also contrasting reports related 
to this claim as Teer et al. (2000) and Tiwari et al. (2005) did not encounter any 







The hydraulic retention time (HRT) was reported to have a significant effect on the 
microbial ecology of granules. As the HRT is decreased, the OLR will increase under 
constant COD concentration. It has been observed that an increase in OLR led to a 
significant shift of Methanothrix and Methanosarcina in the granules (Kalyuxhnyi et 
al., 1996). For the development of good granular sludge, Ghangrekar et al. (2005) 
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recommended an OLR value between 2.0 – 4.5 kg COD m-3 day-1. However, based on 
other studies reported so far for the different types of wastewater, the optimum range 
of OLR and HRT can only be decided after considering the strength and composition 
of substrates, temperature, nutrient concentration, macro-metal concentrations, trace 
metals concentrations and anions such as sulphate.  
 
2.3.4 Shear due to upflow and gas production 
The recommended upflow velocities proposed by Lettinga for laboratory and 
industrial scale reactors is about 1 m/h although upflow velocities of up to 6 m/h have 
also been reported (Haandel and Lettinga, 1994). Granule formation and properties 
are strongly influenced by the upflow velocity of influent and the superficial velocity 
of biogas. 
 
When the upflow velocity is greater than 1 m/h, the granules may disintegrate due to 
shearing leading to biomass washout from the reactor. Vigorous gas evolution at high 
organic loading may also cause biomass to be shear off from granule surface, an 
effect termed as granule erosion (Syutsubo et al., 1997). For low-strength wastewater 
with COD to sulphate ratio greater than 2, a higher upflow velocity of 1.5 – 2.5 m/h is 
helpful for reducing toxicity due to sulfide bacteria as these microbes are unable to 
form dense granules and thus will more likely to be washed out of the system 
(Shayegan et al. 2005). 
 
An expanded granular sludge blanket (EGSB), a modified version of UASB reactors 
is capable of operating under high upflow velocities of 4 – 10 m/h. This advantage 




. Hence, gas 
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production is also increased subsequently, leading to better mixing in the reactor 
(Seghezzo et al., 1998). 
 
2.3.5 Nutrients Requirement 
In the process of granulation, an excess of nitrogen and phosphorus in the substrate 
can be helpful and be eliminated after the start of the formation of granules without 
any detrimental effects on the granule development (Gonzalez et al., 1998).It has also 
been reported that cell growth reduces drastically at a nitrogen concentration of less 
than 300 mg/l (Singh et al. 1999).On the contrary, there are also reports of inhibition 
of the process at higher concentrations of these nutrients (Jarrell and Kalmokoff 1988). 
Nitrogen, phosphorus and potassium were indicated to retard the effect of shock 
loading and prevent the flotation of granule (Alphenaar et al., 1993). 
 
Ammonia was reported to be able to affect the methanogenic processes in anaerobic 
reactors (Angelidaki and Ahring, 1993). All methanogens utilize ammonia as a source 
of nitrogen and electron donor, as well as buffer (Singh et al., 1999). The 
accumulation of ammonium ions can alter the intracellular pH and the activities of 
methane-synthesizing enzymes are inhibited by free ammonia (Kadam and Boone, 
1996). In most cases, it was found that the acetate-utilizing methanogens were 
reportedly more sentsitive to ammonia concentrations than hydrogen utilizing ones 
(Angelidaki and Ahring, 1993). The only exception was observed by Wiegant and 
Zeeman (1986) where hydrogen utilizing methanogens were identified as the more 
sensitive group. 
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In a recent study, it has been found that propionate-degrading acetogenic bacteria 
were reported to be more sensitive to free ammonia compared to methanogenic 
archaea (Calli et al., 2005). Ammonia can inhibit anaerobic activity at a pH of 7.4 in 
the range of 1500-3000 mg/l total ammonia nitrogen, whereas at concentration in 
excess of 3000mg/l, ammonia became toxic regardless of pH (Koster and Lettinga, 
1984). 
 
Methanogenic microbes possess the ability to utilize a broad spectrum of sulphur-
containing compounds in various oxidation states for their maintenance and growth. 
Magnesium was also found to be an essential nutrient to stimulate growth of several 
methanogens (Lettinga and Hulshoff Pol, 1991). Sodium can also influence amino 
acid transport, cell growth, methanogenesis and internal pH regulation (Jarrell and 
Kalmokoff, 1988). 
 
2.3.6 Multivalent cations and heavy metals 
In one of the theories of granulation, the process is initiated by bacterial adsorption 
and adhesion to inert matters, such as organic precipitates, and to each other through 
physico-chemical interactions and syntrophic associations (Dolfing, 1986). Cations 
can accelerate this process though bridging between negatively charged groups on call 
surfaces and linking EPS (Hulshoff Pol et al., 2004). To add on, multivalent cations 
condense the diffused layers and facilitate flocculation due to Van der Waals forces 
(Schmidt and Ahring, 1996). The predominant binding groups for metals on the 
surface of bacteria are carboxyl and amino groups in proteins (Artola et al., 1997). 
The metal retention dynamics within the granular sludge may be affected by 
prolonged exposure to low pH (Singh et al., 1999). 




The present of heavy metals in significant concentrations may compete with other 
ions in the wastewater for these binding sites on the cell surface. The relative 
toxicities of some metals depend on various factors such as pH, VFA concentrations, 
HRT, type and form of metal ions. The strength and affinity of the binding groups 
present on the surfaces of prevalent microorganisms may also affect its toxicities (Lin 
and Chen, 1999). The presence of inert solids in the granules may also offer some 
form of  abiotic surfaces to interact with the metal ions and in turn increases the 
toxicity resistances of biogranules (Oleszkiewicz and Sharma, 1990). 
 
Extensive studies on the role of specific multivalent cations such as calcium, iron and 
aluminium on granulation are available. However, these factors are more relevant to 
industrial wastewater. In the context of domestic wastewater which tends to be 
organic in nature, multivalent ions and heavy metals concentrations are usually not 
dominant. 
 
2.3.7 Microbial ecology of Seed Sludge 
It has been reported by El-Mamouni et al. (1997) that acetogenic bacteria and 
Methanosaeta sp. are major populations which can significantly affect and accelerate 
the growth and formation of granules. The study also show that granulations rates are 
rapid on nuclei enriched with Methanosaeta and syntrophic organisms, slightly poorer 
on nuclei enriched with Methanosarcina and very slow on acidogenic nuclei. 
Methanosarcina was found to play no part in initial biofilm formation as it does not 
attach to either hydrophobic or hydrophilic synthetic support structure (Verrier et al., 
1998). 
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2.3.8 Extra-cellular Polymeric Substances (EPS) 
EPS are produced by bacteria and they could play an important role in stabilizing the 
structural integrity of granules (Schmidt and Ahring., 1996). There are reports which 
suggest that EPS are capable of influencing the formation of granules in UASB 
reactors. As EPS are biopolymers accumulated on surfaces of microbes, it is 
reasonable to presume that some charges of functional groups are associated to EPS. 
The functional groups associated with EPS of microbial cells may lead to more ionic 
interactions between the oppositely charged functional groups in the EPS of other 
microbial cells, leading to the bonding of two cells. To add on, ions in the media help 
in bridging between two like-charged functional groups of the cell EPS (HulshoffPol 
et al. 1983). However, overproduction of EPS may also result in deterioration of 
active granules affecting floc formation (Schmidt and Ahring 1996). Morgan et al. 
(1990) found that EPS cultivated from cells separately and added to UASB reactors 
externally did not have any effect on granulation. Such excess external EPS addition 
may also let to inhibitory effects on granulation. 
 
 
2.3.9 Natural and Synthetic polymers 
The use of polymers serves to either immoblize the anaerobic sludge sludge or to 
reinforce the strength of the already existing granules by coating the granule surgace 
with a thin layer of polymer (Ahn, 2000). Kalogo et al. (2001) reported that the 
adsorption effects of polymers on the surface of the dispersed bacteria and 
neutralization of their surface charges is one of the principal mechanisms to promote 
anaerobic granule formation. Synthetic and natural polymers may also assist 
anaerobic bacteria to aggregate together and form granules (Liu et al., 2003). 




Several literature studies have shown the effect of natural and synthetic polymers on 
the granulation process. Kalogo et al. (2001) reported that Moringa oleifera seeds (a 
natural polymer) in the feed favored aggregation of coccoid bacteria and growth of 
microbial nuclei. On the other hand, cationic polymers such as Chitosan (El-Mamouni 
et al. 1998), cationic fraction of Reetha (Sapindus trifoliata) extract (Tiwari et al., 
2005), synthetic polymer Percol 763 (El-Mamouni et al., 1998) were reported to 
enhance granulation as well. The effect of Chitosan was found to be better compared 
to using Percol 763 and natural polymer Reetha extract.  This was due to the fact that 
the polysaccharide structure of Chitosan is similar to the EPS found in aggregating 
anaerobic sludge (Hughs et al., 1990) as well as the water absorbing properties of the 
polymer. Reetha extract was found to be benefical in increasing the size of biomass 
aggregation (Tiwari et al., 2005). Hybrid polymers were also tested by Jeong et al. 
(2005), which resulted in quick formations of granules (5 min) with sewage digester 
sludge. 
 
2.5 Microbial Communities inside the UASB 
The ability for bacterial cells to aggregate and form a granular structure which can 
settle and accumulate in the reactor is one of the unique advantages of the UASB. 
Light microscopy and the scanning and transmission electron microscope (Fang et al., 
1994, Grotenhuis et al., 1991, Kosaric et al., 1990, MacLeod et al., 1990, Quarmby et 
al., 1995) were the initial ways used to characterize the physical structure and 
appearance of the granular sludge. 
 
Chapter 2: Literature Review 
 
29 
A layered conceptual model for glucose-fed granules was presented by Guiot et al. 
(1992), in which Methanosaeta layer of acetogenic and hydrogenotrophic bacteria, 
with a peripheral layer composed predominantly of acidogenic, sulfate reducing and 
hydrogentrophic bacteria. This layered morphology of UASB granules was also found 
with other substrates, such as sucrose, brewery and potato wastes, wheatstarch and 
papermill wastewaters (Fang et al., 1994, Jianrong et al., 1997 and Quarmby et al., 
1995). On the other hand, no layered granular structure was observed in UASB 
reactors treating propeionate, ethanol, glutamate, sugar refinery wastewaters and 
methanol waste (Bhatti etl al., 1994). Between 15 – 25o,C, granules exhibited a 
uniform structure and were colonized predominantly by Methanosaeta- like organisms 
while granules formed at 5
o
C demonstrated a layered structure (Banik et al., 1997). 
The results reveal that bacterial composition and ultrastructure of granular sludge 
seem to be dependent on growth substrate and temperature. 
 
Molecular biological techniques such as fluorescent in situ hybridization (FISH) are 
appropriate to give insights into which microorganisms are resent and which are most 
active. They are routinely applied to microbial ecological studies to detect changes in 
the microbial composition with time or to compare the microbial composition of 
different bioreactors. In anaerobic granules, they can also be used to analyze the 
microbial distribution of known species, such as sulphate reducers and methnogens. 
Of the many methanogenic genera, only two, Methanosaeta and Methanosarcina are 
known to grow by an acetoclastic reaction producing methane from acetate 
Methanosaete concilii is solely an acetoclastic bacterium and is the only mesophilic 
species of its genus, other species being thermophiles (Staley et al., 1989). 
Methnosarcina berkeri, metabolically, is probably the most versatile of all the 
Chapter 2: Literature Review 
 
30 
mesophilic methanogenic bacteria isolated in pure culture since it can form methane 
from H2 and CO2, from ethanol, methylamines and from acetate (Koster et al., 1988). 
 
With the technological advances and better understanding of anaerobic microbiology 
recently, there is a potential that under control conditions, it may be practical to treat 
domestic sewage anaerobically. Anaerobic microbial community structure analysis of 
anaerobic sludge, primarily based on 16S rRNA gene sequencing have been carried 
out by many researchers (Amann et al., 1995; Stams et al., 1997) to determine the 
microbial populations present in anaerobic bioreactors.  The used of 16S rRNA 
cloning analyses has revealed that, several methanogenic archaea, syntrophic bacteria, 
sulphate-reducing bacteria, heterotrophic bacteria, and a number of unknown 
populations have been found to exist in anaerobic reactors. 
 
2.5.1. Terminal-Restriction Fragment Length Polymorphism 
(T-RFLP) 
There has been an increasing number of methodologies which incorporated automated 
sequencing systems for laser detection of fluorescently labeled DNA fragments 
terminal-restriction fragment length polymorphism (T-RFLP) analysis (Liu et al., 
1997), length heterogeneity-PCR (LH-PCR) (Suzuki et al., 1998) and most recently, 
the combination of randomly amplified polymorphic DNA (RAPD) and principal 
component analysis (Wikström et al., 1999). High resolution, ability to include an 
internal size standard in each sample for comparisons are methods which should 
ensure a necessary degree of reproducibility. Of these methods mentioned, T-RFLP 
has been considered to be potentially promising for microbial community analyses 
and will be developed as a powerful tool in microbial ecology (Osborn et al., 2000). 
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This technique was originally developed to identify Mycobacteria by Avaniss-
Aghajani et al. (1996). Liu et al. (1997) showed its potential by analyzing the 
variation between amplified 16SrRNA genes from different bacteria and obtain 
information on microbial community structure. In recent years, T-RFLP has been 
used to study bacterial (Liu et al., 1998), archaeal (Van der Maarel et al., 1998) and 
eukaryal (Marsh et al., 1998) populations in natural habitats.  
 
Restriction endonuclease digestion (normally with 4 base pairs (bp) cutters) of 
fluorescently endolabelled PCR products forms the basis of T-RFLP analysis. Either 
of the 2 primers (or both) used in the PCR can be labelled, with a different fluorescent 
dye. The digested product is then mixed with a DNA size standard, itself labelled with 
a distinct fluorescent dye. Electrophoresis either by gel or capillary-based systems, 
with laser detection of the labelled fragments using an automated analyzer, is then 
used for separation of the fragments. Only the terminal, end labelled restriction 
fragments are detected. Results are displayed in an electropherogram, which shows 
the profile of a microbial community as a series of coloured peaks of varying heights. 
One set of coloured peaks show the internal size standards, while the two other 
colours shows the two sets of terminal restriction fragments of the digested products, 
one for 5‘ end and the other for 3‘end. 
  
The profiles of a TRFLP generated can vary in two ways. The number and size of T-
RFs can vary or variation can be found in the height of any particular peak. This can 
be used to estimate the biodiversity of a community. The height of the peak also 
provides an approximation of the relative proportion of each component of a 
population. However, one must also take into account the biases which may be caused 
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by preferential annealing of the primers to certain templates which may affect the 
absolute values. It is likely that some T-RFs will be common in size to many different 
organisms which may mean that these particular peaks are more likely to be found in 
a profile.  This is particularly true for T-RFs generatred from the 3‘ end of the 16S 
rRNA gene. 
 
The second form of data output is numerical and consist of a table, which includes 
most importantly, the size, in basepairs of each of the peaks calculated based on 
internal standards used.  The height of each peak is also given relative to the amount 
of fluorescence detected. When analysis is performed, one needs to define a minimum 
threshold of fluorescence to exclude background noise. 
 
As mentioned in previous section, the process of anaerobic metabolism is different 
from aerobic metabolism. The study of the microbial ecology is becoming an essential 
component in research as it can reveal the microbial species and their interaction, 
abundance, and distribution in the environmental system. A good understanding on 
the microbial ecology is therefore important in order to gain deeper understanding 
which can lead to better optimization of the biological process. On the other hand, the 
operating conditions (e.g., substrate composition, temperature, solid retention time 
and other operating parameters) may influence the entire microbial community 
structure, further affecting the bioreactor performance. Hence, a complete 
understanding of the microbial ecology of anaerobic processes is necessary to enable 
anaerobic bioreactors to operate effectively and reliably. 
 




Although studies on the applicability of UASB and granulation process in reactor are 
abundant, it is still an active area of research (Manoj et al., 2006). UASB reactors are 
successfully applied for treating industrial wastewater without inhibitory substances 
(e.g., brewery waste, distillery waste and sugar industry waste). Modifications to 
operate reactors containing such inhibitory substances remains a challenge. The 
success will lead to application of using UASB technology for treating milk and food 
processing waste, gelatine manufacturing plant waste, and slaughterhouse waste. Also, 
the ability to form and maintain granules in low strength wastewater and mixed 
wastewater conditions will solve problems faced by many developing countries. 
Hence, it is vital to study the microbial adoption process inside the sludge bed with 
change in substrate type. The issue is complex for the requirements of nutrients and 
trace metals depend on the type of species present and their relative abundance in 
granule, which are functions of wastewater type and strength. There is also a need to 
investigate ways and means to shorten the start-up time of UASB reactors by 
enhancing granule formation. Some external additives have shown promising results 
in this direction but most of the studies are confined to laboratory-scale reactor. The 





CHAPTER THREE  MATERIAL AND METHODS 
 
3.1 Experimental and Reactor Setup 
 
A schematic diagram of the UASB reactor is shown in Fig. 4. Reactors with effective 
volume of 40 L and 30 L were constructed from clear acrylic. The entire fabrication 
period including design and set-up took about 6 months to complete.  The heights of 
both reactors were about 2 m and 1.8 m, respectively. The column height and 
effective volume of both reactors were identical at 1.55 m and 22.5 L. A total of 9 
sample ports were installed at equal intervals (approx. 20 cm) of the reactor for ease 
of sampling and analysis of the anaerobic sludge at different heights. Flow of 
wastewater into the reactor was controlled by use of peristaltic pumps. 
 
For the gas, liquid and solids (GLS) separator, the funnel was designed at a inclined 
angle of 60
o
C to ensure that the biomass retained at the settling zone will be able to 
slide back into the bottom of the reactor for effective retention. The effective GLS 
volumes of both reactors are 17.5 L and 7.5 L, respectively. A separating round 
distance of 2 cm was created between the biogas capturing funnel and the solids 
settling funnel. This is done to ensure there is adequate space for the biomass retained 
to pass through and fall back into the anaerobic reaction zone. 
 
Figure 4 shows the schematic set up of the UASB system in the laboratory. 
Wastewater is continuously fed into a temperature control tank before entering the 
reactor from the bottom. A six-way inlet distribution system (Fig. 3) was created to 
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ensure that the wastewater flow will be evenly distributed to reduce dead zones.  As 
the influent moves up the reactor, through the sludge blanket zone, anaerobic 
reactions take place and biogas will be produced where it will be captured by the gas 
cylinders. The wastewater after treatment finally overflows through the overflow weir 
and leaves the reactor as effluent into the effluent holding tank for further post- 
treatment study.  
 
Figure 3: Six-way inlet distribution system of the UASB reactor system. 
 
Biogas produced by the reactors are captured and monitored with the used of 
cylinders using the downward displacement method. The water inside the biogas 
cylinder containers were adjusted to slightly acidic, pH of 4, using HCl. This was 
done so as to reduce the loss of methane collected from the biogas by dissolving into 
the water. 2 cylinders were originally used to account for any biogas produced by 
sludge which managed to escape the GLS separator.  This worry was found undue as 

















































Figure 4: Schematic setup of UASB reactor system for this study. 
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3.2 Operating Conditions 
The photograph (Plate 1) shows the 40 L and 30 L UASBs taken during the start-up 
phase. During start-up, the reactors were seeded with anaerobic digester sludge taken 
from the Ulu Pandan Water Reclamation Plant (UPWRP). The sludge had a TSS and 
VSS concentration of 25 g/L and 18 g/L, respectively. The seed sludge was then filtered 
through 1mm sieve to remove any large colloidal particles. For the 40-L UASB, 23.5 L of 
sludge was added into the reactor followed by 5 L of sewage water and 12.5 L of 
tapwater. For the 30-L UASB, the ratio was maintained and 17 L of seed sludge was 
introduced followed by 3.8 L of sewage water and 9.2 L of tapwater. 
     
 
Plate 1: Photograph of 40L (left) and 30L (right) UASB during start-up. 
 
Sewage was collected from the UPWRP. Owing to the relatively huge quantity of 
wastewater required, collection was carried out 3 times a week and the wastewater 
Chapter 3: Material and Methods 
 
38 
collected was stored at 4
o
C when not in used. To prevent the fluctuating temperature of 
the wastewater from affecting the anaerobic reactions, the wastewater was made to pass 
through an influent holding tank which was maintained at an ambient temperature of 
30
o
C using a thermostat temperature controller.  The wastewater was filtered though a 2 
mm sieve to remove large colloidal particles and minimize clogging of the system before 
being fed into the UASB systems. 
  
For both reactors, internal recycling was applied from sampling port 8 back to port 1 to 
reduce heavy washout of biomass during the 1
st
 week of start-up operation. This 
operation was also applied when sludge flotation occurred. To minimize and reduce the 
growth of autotrophs, (e.g., Algae), both UASB systems were wrapped with aluminium 
foil. The material was chosen as it is a good conductor of heat. This will encourage the 
reactor temperature to be uniformly distributed, reducing fluctuating and promoting 
stable environment conditions for the anaerobic bacteria to thrive. The influent flowrate 
per minute for each HRT was calibrated using a timer and a measuring cylinder. This was 
check regularly to ensure that the reactor operates at a constant HRT in accordance to the 
study. 
 
A pH probe was installed to monitor the effluent pH. The probe was connected to a pH 
controller device which will dose in 0.2 M sodium bicarbonate into the reactor when the 
pH of the effluent falls below 6.8 and stop when the pH rises back to 7.0. In this way, the 
effluent pH was maintained between 6.8 and 7.2, which found generally to be the 
optimum pH for stable anaerobic reactions to occur. 




The biogas cylinders were flushed with nitrogen during startup to purge out the 
atmospheric air and more importantly, oxygen gas so well to create a fully anaerobic 
condition inside the reactor. This initial amount of nitrogen was eventually purged out of 
the system through biogas production and gas release. 
 
3.3 Sampling Methods 
The reactor influent from UPWRP and effluent were composed of grab samples collected 
twice per week over an interval of 3 to 4 d. Most analysis and experiments were 
performed on the day of sampling. When the performance was observed to have 
stabilized, sampling was switched to twice per week. During each sampling, there were 3 
samples collected: feed, effluent and anaerobic sludge.  The feed samples were collected 
from the feed water transfer tank. The mixed liquor samples collected from the sampling 
port 4 of the UASB. The effluent was collected from the effluent tube from the UASB 
which was cleaned regularly to minimise the growth of filamentous micro-organism.  
 
Samples collected were stored in cleaned and dried sampling bottles. When there was a 
waiting period, the unused samples were stored at 4
o
C to reduce microbial activity and 
not more than a week for analysis. 
 
Soluble portion of the feed and effluent samples were obtained by centrifuging the 
samples at 9,000 rpm for 10 min. The supernatant was then filtered through a membrane 
of 0.45-m pore size (GN-6 grid 47 mm, Gelman Science).   
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3.3.1 EPS extraction 
Extracellular polymeric substances (EPS) were separated from the microorganism cell 
wall by using cation resin exchange method. Cation exchange resin (CER) will remove 
cations from the biomass matrix leading to a break up of the flocs and a subsequent 
release of EPS. The CER was firstly washed in phosphate buffer and stirred for an hour. 
Thereafter, the CER was kept while the phosphate buffer was decanted. 75ml of the 
biomass sample was centrifuged for 10 min at 9,000 rpm (4C). The supernatant was 
decanted and resuspended to the original volume using phosphate buffer.  70 g CER/g 
VSS was then added to the suspension in an open-mouth closed container. The 
suspension was stirred at 600 rpm for 1.5 h in the cold room (4C). Next, the suspension 
was centrifuged at 9,000 rpm for 10 min to separate the CER and biomass. The 
supernatant was collected for subsequent analysis of EPS. 
 
3.3.2 DNA extraction 
The mixed liquor genomic DNA was extracted using the chemical extraction method. 
Cells from the mixed liquor (200 µl) were collected from the UASB and immediately 
prepared for DNA extraction. The cells were first incubated with the extraction buffer 
(Tris-HCl, EDTA and sucrose), lysozyme and acromopeptidase to break the cell walls. 
Then the cells were subjected to repeated freeze and thaw at -80 and 65
o
C, respectively.  
 
The extracted DNA was purified with phenol, chloroform and IAA and then precipitated 
using isopropanol. The supernatant was then discarded and the pellet air dried before  
resuspension in 400 µl of sterile distilled water. 
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3.3.3 Oligonucleotide primers and PCR amplification 
The archaea and bacteria oligonucleotide primers designed to anneal at consensus 
sequences in bacterial 16S rRNA genes are shown in Table 2. 
Table 2: Oligonucleotide primers use for PCR 









Cy5-CYT AAC ACA TGC AAG TCG 
ACC GCT TGT GCG GGC CC 
Cy5-ACG GGG YGC ASC AGG CGC GA 






PCR products were amplified using 0.25 µl of Ex Taq™, 5 µl of 10X Ex Taq™ (TaKaRa 
Bio Inc.) , 4 µl of dNTP, 1 µl forward primer and 1 µl  reverse primer, 0.3 µl of 
community DNA (as template) and top up to 50 µl with sterile distilled water. All 
reagents were prepared as a master mix before addition to template DNA (done on ice). 
 
Reactions of (50 µl final) volume were initially denatured for 2 min at 94 
o
C followed by 
30 cycles of 94 
o
C for 1 min, 55 
o
C for 1min and 72
 o
C for 2 min. This was followed by a 
final extension step of 72 
o
C for 10 min. 
 
About 2.5 µl of PCR product was then visualized after electrophoresis on 0.1% agarose 
TAE gels and subsequent staining in ethidium bromide for 20 min. The remaining PCR 
product was purified using QIA- quick columns (Qiagen) to remove unincorporated 
nucleotides and labelled primers and the DNA was eluted in a final volume of 30 µl. 
 
Chapter 3: Material and Methods 
 
42 
3.3.4 T-RFLP Analysis 
Reagents were prepared in a master mix before addition to the sample for both restricted 
enzyme digestion and subsequent denaturation. 7 µl of purified PCR product was 
digested with 0.5 µl of either, Alu I, Hha I or Hae III and 0.5 µl of its respective buffer in 
a combined total volume of 8 µl at 37 
o
C for 3 h. Before electrophoresis, 1 µl of digested 
sample is mixed with 40 µl of sample loading solution and 0.2 µl of DNA size standards 
(GenomeLab™). 
 
Samples were then electrophoresed in polyacrylamide gel (GenomeLab™), Separated gel 
– LPA I) and analyzed using a model CEQ 8000 automated sequencer by Beckman 
Coulter (Plate 2) at 55 uC and 4-8 kV for 2 h. . The lengths of fluorescently labelled 
fragments were determined by comparison with internal standards using CEQ 8000-
genetic analysis system software (Beckman Coulter).  
 
Plate 2: DNA sequencer by Beckman Coulter. 
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3.4 Analytical Methods 
3.4.1 Total Suspended Solids (TSS) and Volatile Suspended 
Solids (VSS) 
Total suspended solids and volatile suspended solids were determined according to the 
the Standard Methods (APHA, 2005).  For TSS measurement, the sample was dried in an 
oven (MEMMERT ULM 6, Schmidt Scientific) at 105 C for 1 h. For VSS measurement, 
the sample was further burned in a furnace (Thermolyne 48000, Omega Medical 
Scientific) at 550 C for 20 min.   
 
3.4.2 Chemical Oxygen Demand (COD) 
The closed reflux method (Block heater: HACH COD Heater, Model 16500-10) in 
accordance to the Standard Methods (APHA, 2005) was used. 
 
3.4.3 Biochemical Oxygen Demand (BOD5) 
The BOD5 measurements were done in accordance to the Standard Methods (APHA, 
2005). The dissolved oxygen (DO) concentration in the samples was monitored with a 
DO meter (Plate 3)(YSI, Model-58). 




Plate 3: DO meter by YSI. 
 
3.4.4 pH 
The pH of the influent was measured using the pH meter by HORIBA (Plate 4). The 
probes were calibrated using standard pH solutions of 4, 7 and 9 before being used. 
Before measuring, the glass probe was washed with DI water to prevent contamination.   
 
Plate 4: Horiba F-22 pH meter. 
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3.4.5 Total Nitrogen (TN) 
The total nitrogen concentrations of the samples were measured using Shimadzu TOC  
(Plate 5) analyzer (Shimadzu TOC-VCSH) and a TN measuring unit (Shimadzu TNM-1).  
 
 
Plate 5: Shimadzu TOC/TN analyzer. 
 
3.4.6 Biogas Composition 
The biogas composition was measured using the gas chromatography, Shimadzu GC-17A 
unit (Plate 6) with packed column (80/100 PORAPAK, 2m X 1/8 in., SUPELCO) using 
Argon as the carrier gas. Calibration was performed using 100 µl of standard gas 
comprising 25% H2, 25% N2, 10% CH4 and 40% CO2. 100 µl of sample was injected in 
each run and the experiment was repeated 3 times. 




Plate 6: Shimadzu GC-17A. 
 
3.4.7 Volatile Fatty Acid (VFA)  
The Shimadzu GC-2010 unit (Plate 7) with FID (Flame Ionization Detector), and 
capillary column (25m x 0.32mm, HP-FFAP, Aglient Technologies Inc.) was used to 
detect VFA concentration from the sewage influent and anaerobic treated effluent 
samples. Acetic, Propionic, Butyric and n-Valeric acid were prepared as standards for 
calibration up to concentrations of 200 ppm. 10 part of sample was mixed with 1 part of 
formic acid before injecting into the unit for analysis. An injection volume of 0.2 ml, at 
column temperature of 150
 o
C was used and run time for each sample was 10 min.  




Plate 7: Shimadzu GC-2010 unit for gas chromatography. 
 
3.4.8 Anions Concentration 
Anions concentration in the soluble portion of the wastewater was measured with Ion 
Chromatography (Plate 8) using, Dionex® AS9-HC Analytical column. Sample tubes 
were prewashed with distilled water and sonicate (NEY ULTRASONIK ) for 30 min. 20 
ml of sample was injected into the column and eluted with 0.009 M sodium carbonate. 




Plate 8: Ion Chromatography. 
3.4.9 Hydrogen Sulphide 
The H2S content in the biogas was measured with gas chromatography using the FPD 
(Flame Photometric Detector), and capillary column (25m x 0.32mm, GS-CASPRO, 
J&W Scientific), in Shimadzu GC-2010. Calibration was done with standard gas 
comprising 90% N2 and 10% H2S.   For each biogas sample, 1 µl of biogas was injected 
and the experiment was repeated 3 times. 
 
3.4.10 Alkalinity 
Akalinity was measured by titration according to the method in the Standard Methods 
(APHA, 2005), using 0.1 N of hydrochloric acid with the use of Metrohm Titrando 808 
automated-titrator (Plate 9). 




Plate 9: Metrohm Titrando 808, automated-titrator. 
 
 
3.4.11 Total Phosphorus 
The soluble part of the sample wastewater was first pre-treated using test kit from HACH, 
Total Phosphate, reagent set 27426-45 (0 - 3.5 mg/L). The total phosphorus concentration 
was then analyzed with a spectrophotometer (HACH DR/4000U). 
 
3.4.12 Microscopy 
The sludge samples from the reactors were viewed using Leica, MZ6, mounted with a 
colour video camera (JVC TK-C1380). The images are subsequently analyzed using the 
Leica Qwin program. For anaerobic granule size analysis, the KEYENCE Digital 
Microscope (Plate 10), VHX-500 was used. 




Plate 10: KEYENCE Digital Microscope, VHX-500. 
 




-N was measured using the 4500-H Automated Phenate Method with the Mark III 
multi-channel color meter continuous flow analysis setup (Auto Analyser Accessories, 
Chemlab Instrument, UK) in accordance with Standard Methods (APHA , 2005). 
3.4.14 Protein 
The method described by Lowry et al. (1951) was followed except for some slight 
modifications in the preparation of reagents. During the test, alkaline condition was 
created by the addition of Alkaline Reagent (0.1 M NaOH, 2% Na2CO3, 0.5% Na Tartrate 
and 0.5% Na Dodecylsulfate). This caused the divalent copper ion (Cu
2+
) from 
CuSO4.5H2O to form a complex with peptide bonds found in the sample and be further 
reduced to a monovalent ion (Cu
+
). This process was known as the Biuret reaction. The 
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monovalent copper ion was then reacted with 1 N Folin-Ciocalteu reagent to produce an 
unstable product that was in turn, reduced to molybdenum/tungsten blue precipitate. This 
was detected in the range of 500 to 750 nm using the spectrophotometer (HACH, 
DR/4000U) as shown in Plate 11. In this case, UV absorbance was measured with a 
spectrophotometer (HACH, DR/4000U) at 650 nm. The detection limitation of 
spectrophotometer was between 2 and 100 μg/mL. 
 
 
Plate 11: Spectrophotometer 
3.4.15 Carbohydrates  
The procedure described by Dubois et al. (1956) was followed. For the test, simple 
sugars, oligosaccharides, polysaccharides and their derivatives found in the samples 
underwent hot acid hydrolysis when 5% (w/v) phenol solution and concentrated sulphuric 
acid were added. A reaction then took place to give the sample a stable orange colour 
precipitate that could be detected with 490 nm absorbance using the spectrophotometer. 
The detection limitation of spectrophotometer was also between 2 and 100 μg/mL. 
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3.4.16 Molecular Weight (MW) Distribution 
MW distribution were determined using a 50 ml stirred ultrafiltration cell (amicon® 
model 8050, Millipore Corporation, USA) using 44.5 mm Millipore disc ultrafiltration 
membranes. Three membranes with nominal MWs cut-off of 100,000 (100K), 10,000 
(10K) and 1,000 (1K) daltons were used in succession with the highest MW first and 
lowest MW last. Pure nitrogen was used to pressurize the cell. The pressure in the 
ultrafilter was kept constant at 30 psi. Samples taken after each of the filters were 
analyzed to determine specific TOC. 
 
3.4.17 Total Organic Carbon (TOC) 
Total Organic Carbon Analyzer (TOC-VCSH, Shimadzu) with ASJ-V (Auto Sampler and 
Injector) was used to determine the organic carbon concentration of the samples. All 
samples were diluted to less than 25 mg/L before analysis. The method used was 680
o
C 
catalytically-aided combustion oxidation. 
 
3.4.18 Scanning Electron Microscope (SEM)  
The protocol for SEM observation of bacteria were based on the method adopted by Drier 
et al, (1978) and is described below. 
 
1. Filter 1 ml of biomass through a Nuclepore cellulose nitrate membrane of 13 mm 
diameter and 0.4 micron pore size. To ensure a uniform distribution of bacteria on 
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the membrane surface, it was necessary to pre-wet the membrane with Triton-X 
100 (50% in propanol) before filtration. 
2. Fix it with 2% glutaraldeyde for 1 h and dehydrate in 25, 50, 75, 95 and 100 
EtOH with contact time of 10, 10, 10, 10 and 20min. 
3. Dry the sample with POLARON Critical Point Dryer. 
4. Coat the sample with a mixture of gold and palladium to a thickness of 25mm 
using an ion sputtering device. 
5. Examine the sample in SEM at 15 KV accelerating voltage and 15mm working 
distance. 
 
3.4.19 Fluorescence In Situ Hybridization (FISH) of Anaerobic 
Granular Sludge 
Fresh granular sludge samples (1.5 ml) from sample port 4 of the UASB were gently 
washed twice with phosphate buffer solution (PBS). The cells are then fixed overnight at 
4
o
C in fresh 4% paraformaldehyde and washed with PBS twice. Before hybridization, 2  
ul of the sample was applied to polo-L-lysin (0.01%) coated slides. The fixed granular 
sludge was then dehydrated at room temperature in increasing ethanol concentrations (50, 
80,& 96%) for 5 min each..  
 
In situ hybridization was performed with the complementary sequences that had been 5‘ 
end labeled with the respective dyes (summarize in table 3), synthesized by Research 
Instruments Pte Ltd. A volume of 10 ul of hybridization solution (20% deionised 
formamide, 0.9 M NaCl, 20 mM Tris-HCl (pH 7.2), 0.01% sodium dodecyl sulphate, 50 
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ng of each fluorescence-libelled probe) was added to each sample and the mixture 
incubated at 46 
0
Cfor 3 hours. The samples were rinsed with washing buffer (20mM Tris-
HCL (pH 7.2), 0.01% sodium dodecyl sulphate, 20 mM NaCl ) and incubated in washing 
buffer at 48
0
C for 20min. The samples were then stained with DAPI solution (6.25ug/ml) 
for 3 min before rinsing with ultrapure water and air dry. Finally, the sample covered 
with fade retardant (VECTASHIELD
®
 Vector Laboratories, Inc) prior to application of a 
glass cover slip.  
Table 3: Oligonucleotide sequences and specificities used in FISH study of UASB granular sludge 
Probe Sequence (5’-3’) Specificity  References Dye(s) 
EUB338 GCTGCCTCCCGTAGGAGT Bacteria 
Amann et al., 
1995 
FITC 
ARC915 GTGCTCCCCCGCCAATTCCT Archaea 
Stahl et al., 
1988 
CY3,CY5 
FITC - fluorescein isothiocyanate  
CY- indodicarbocyanine 
 
The sample was then viewed under an epi-fluorensce microscope (Olympus BX51) and 
image analysis on the digital images captured were performed using MetaMorph, version 
5.0 r1 (Universal Imaging Corp.). 
 
3.4.20 Anaerobic Sludge Stability 
The experimental setup and protocol was based on the White House Document (USEPA, 
1992). Ten sludge samples, each 50ml, were stored (Plate 13) for further digestion for 40 
days. The volatile solids content of the digested biosolids at the end of 40 days was 
compared to the volatile solids content at the beginning of the test. The percentage 
reduction that occurred must be less than 17% to show that the treatment process had 
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been successful in vector attraction reduction (VAR). The additional volatile solids 




Plate 12: Experimental setup for Volatile Solids Reduction Test 
 
Calculation Models 
The fractional volatile solids reduction (FVSR) can be calculated by the Van Kleeck (VK) 
equation and the mass balance (MB) method. It is assumed that all the water in the feed 
was present in the digested sludge – there was no change in water mass. The ratio of 
VK/MB was then calculated. For high degree of fixed solids loss, the values of VK/MB 
would be low. On the contrary, as the fraction of fixed solids remaining approached unity, 
the ratio tends to unity. When the values of VK/MB is low, the mass-balance calculation 
would be more accurate for calculating VSR in this instance (Micheal et al, 2002) 
 








         (3.1) 
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        (3.3) 
Where: 
VSF = fraction volatile solids in feed on solids-only basis 
VSw = fraction volatile solids in digestion residue on solids-only basis 
vsF = concentrations of volatile solids in feed (mg/l) 
fsF = concentration of fixed solids in feed (mg/l) 
vsW = concentration of volatile solids in digestion residue (mg/l) 
fsW = concentration of fixed solids in digestion residue (mg/l) 
Rf = fsW/ fsF (fraction of fixed solids remaining after digestion) 









This chapter will present the results and discussion obtained from the experiments 
performed as described in Chapter 3.   
 
4.2 Operating performance of UASB 1 at 16 and 8 h HRT 
 
To study the organic matter removal by physical means and biological degradation, the 
TSS, VSS, COD, BOD5, biogas composition and production were monitored consistently 
as mentioned and will be presented in this section. The following experimental results 
and discussion were based on the UASB 1 reactor performance at operating HRT of 16 
and 8 h. 
 
4.2.1 TSS and VSS removal 
Figure 5 shows the variation of TSS and VSS concentrations in the feed and effluent and 
their removal efficiencies with time for UASB 1 operated and monitored for a total 
duration of 520 d. For 16 h HRT, which was operated for about 250 d, the influent sieved 
sewage SS and VSS concentrations fluctuated in the range of 248 to 715 mg/L and 196 to 
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420 mg/L, respectively, with an average TSS of 460 mg/L and VSS of 323 mg/L (Table 
4).  This large fluctuation in solids concentration was expected since the wastewater 
collected from UPWRP was domestic in nature and was dependent on household usage. 
 
During the initial start up of 90 d of operation, biomass washout was not observed, it 
would be seen that the SS and VSS removal efficiencies were stabilizing with time. But 
after 90 days of operation, two types of biomass washout were observed. As the influent 
TSS and VSS increased, the TSS and VSS removal efficiencies tended to fall due to 
biomass washout in the effluent. This could be because when the reactor was operated at 
the maximum sludge holdup (reactor was full of sludge), any sudden increase in solids 
loading could trigger a washout of the accumulated solids in the reactor. The other type 
of biomass washout was caused by sludge floatation which was encountered a few times 
during the operation. It was observed that during such a period, many tiny bubbles 
produced during anaerobic reactions were trapped together with the floated biomass. This 
could be because when the reactor was operated at maximum sludge holdup, too much 
concentrated sludge accumulated inside the reactor could cause these small bubbles 
unable to possess sufficient shear force to break out, and hence tended to remain trapped 
within the accumulated sludge flocs. As the number of tiny bubbles built up, uplift was 
induced on the sludge flocs, resulting in the rising of sludge blanket and thus the washout 
of biomass.  
 
This operational problem could be resolved when an internal cycle was applied to break 
up these coagulated flocs. The flocculent sludge was then observed to settle back into the 
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blanket zone while the entrapped gas bubbles were released. However, such a recycle 
could cause disturbance to anaerobic activity and also trigger more washout of biomass. 
Hence, the biogas production also tended to decrease, and recovery usually took about 2 
weeks. This operation problem was avoided in the second UASB reactor (UASB 2) by 
applying sludge wasting (i.e, SRT control) during start-up.  It was found that the effluent 
concentration and removal efficiency fluctuated less and better stability was observed. 
 
There was also considerable scum formation observed on the water surface of the UASB 
(Plate 12). This could be oil and grease inherent from the source. Bubbles were seen to 
form as a result of biodegradation in the UASB in the anaerobic column. This 
phenomenon did not post any operational problems and the foam was observed to 
disappear in 2 weeks time. The overflow of the harden scum material could potentially 
lead to clogging at the effluent tube. However, this phenomenon did not occur as the 
internal diameter (15mm) of effluent tube provided was sufficiently large enough. 
 
 
Plate 13: Bubbling scum layer found on the water surface of UASB 1 during initial start-up. 
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Considering steady performance except the biomass washout periods, the average SS and 
VSS removal for 16h HRT were 81 and 80% respectively. The removal efficiencies were 
found to be 90% for SS and 89% for VS, which were comparable to values reported by 
other researchers mentioned in Chapter 2. The effluent SS and VSS concentrations were 
in the range of 42 – 168 mg/L and 33 – 124 mg/L, respectively. The results obtained were 
comparable to the findings reported from a full-scale UASB domestic wastewater 
treatment plant in Pedregal, Mexico (Haandel et al., 1994). 
 
The UASB reactor was switched to 8 h HRT on Day 250 and its performance monitored 
for about 270 d. The influent SS and TSS concentrations ranged from 280 – 620 mg/L 
and 200 – 425 mg/L with an average value of 430mg/L and 320mg/L, respectively. As 
shown in Fig. 5, the switch led to massive washout for the 1
st
 week, which explained the 
decrease in suspended solids removal efficiency. This was normal because as the HRT 
was decreased, the upflow velocity inside the reactor would increase. Solids with settling 
velocity lower than this upflow velocity would be driven up the UASB reactor and 
eventually be flushed out of the system. The system gradually recovered and steady state 
was achieved. Under 8 h HRT, due to the increase in organic loading and upflow velocity, 
the TSS and VSS in the effluent were found to increase to 52 – 264 mg/L and 48 – 208 
mg/L, respectively. At HRT of 8 h, it was found that the removal efficiency had 
decreased. The TSS and VSS removal had decreased to 58.5% and 60.2%, respectively 
(table 4). Intentional wasting was not required as the SRT calculated based on VSS 
concentration in the effluent showed that the SRT had already decreased by almost half 
from 160 to 90 days. 





























































Influent TSS Influent VSS Effluent TSS Effluent VSS TSS removal % VSS removal %
HRT=16hrs




Figure 5: Variation in TSS and VSS of UASB 1 under continuous 16 and 8 h HRT operation. 
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4.2.2 TSS and VSS concentration of sludge blanket at the 
height of 0.65 m 
 
Fig. 6 illustrates the changes in TSS and VSS concentrations of the sludge blanket at a 
height of 0.65 m from the reactor base with time for the UASB 1. During steady 
conditions at 16 h HRT, except biomass washout periods, the biomass concentrations 
at this reactor height level stabilized at 18 – 23 g/L for SS and 10 – 15 g/L for VSS. 
These values are typical for medium dense flocculent sludge (Metcalf and Eddy, 
2004). This concentration variation was expected since the solids were subjected to an 
upward force and a circulation of solids was induced within the reactor. The average 
VSS/SS ratio was found to be 0.66, which was relatively high. A high ratio indicates 
that the sludge was composed of more organic than inorganic material and vice versa. 
 
No granules were observed inside the UASB 1 reactor during this period, the reactor 
consisted of medium densely flocculated sludge. As the theory of granulation is still 
not well understood from literature review, this could be due to the low organic 
loading as it has been generally suggested that a high organic loading (OLR in terms 




) is more favourable for granulation,  which is often 
the case for industrial wastewater (e.g., piggery or potato wastewaters) but not for 





,  which may be considered too low for granule formation.  
 
Granules allow the formation of highly concentrated sludge which promotes a 
platform for good bacteria growth. This encourages high levels of microbial activity, 
better organics breakdown and hence biogas production, contributing massively to the 
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enhanced removal efficiency of the UASB.  Granulation is thus preferred but there are 
also reports which suggest that such phenomenon may not be necessary for good 
performance in the case of domestic wastewater treatment.  
 
When the HRT was switched to 8 h, the increased in organic loading led to an 
increase in solids accumulation. Hence, the sludge concentration gradually increased. 
At steady state conditions, the biomass concentrations at this reactor height level 
stabilized at 29 – 39 g/L for SS and 18 – 26 g/L for VSS. This concentration variation 
was expected since the solids remain in continuous suspension.  The average VSS/SS 
ratio was maintained at 0.66 showing no change in the sludge matrix composition. 
This observation suggested that the sludge developed was similar to what was 
obtained at 16 h HRT and high percentage of biomass concentration could acclimatize. 




 in terms of COD) organic loading imposed 
could be one of the main reasons that lead to granulation in which granular particles 
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Figure 6: Variation in TSS and VSS of sample port 4 of UASB 1 under continuous 16 and 8 h HRT. 
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4.2.3 tCOD, sCOD, tBOD5 and sBOD5 Removal 
Fig. 7 illustrates the variation of tCOD and sCOD concentrations in the feed & 
effluent and their removal efficiencies with time for the UASB 1. The variations of 
tBOD5 and sBOD5 concentrations in the feed & effluent and their removal efficiencies 
with time for the UASB 1 are illustrated in Fig. 8.  At 16 h HRT, the influent sieved 
sewage tCOD and sCOD concentrations fluctuated in the range of 318 to 734 mg/L 
and 36 to 157 mg/L, respectively, with an average tCOD of 525 mg/L and sCOD of 
88 mg/L. The influent sieved sewage tBOD5 and sBOD5 concentrations fluctuated in 
the range of 122 to 236 mg/L and 17 to 75 mg/L, with the average tBOD5 of 200 
mg/L and sBOD5 of 38 mg/L (Table 4).  The results are in line with observations of 
domestic wastewater quality, where the tCOD values is usually about the twice the 
values of tBOD5. 
 
During steady state condition except biomass washout periods, the effluent tCOD and 
sCOD   concentrations were in the range of 78 – 222 mg/L and 36 – 77 mg/L 
respectively, with an average value of tCOD 155 mg/L and sCOD 47 mg/L. The 
highest tCOD removal efficiency achieved was 87% with an average of 70%. For 
sCOD, an interesting trend was observed, the removal was lower at an average of 
46% and the highest recorded was only 69%. This was comparable for sBOD5 as well 
with an average removal of 50% and highest of only 73%; the effluent tBOD5 and 
sBOD5  concentrations were in the range of 24 – 83 mg/L and 9 – 38 mg/L 
respectively, with an average value of tBOD5  46 mg/L and sBOD5 16 mg/L.  The 
highest tBOD5 removal efficiency achieved was 86% with an average of 77%. 
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The relatively lower sCOD and sBOD5 removal could be possibly because the 
methanogenic microbes are slower growing organisms compared to hydrolytic 
bacteria. Thus, it was likely that the rate of hydrolysis of particulate COD was greater 
than the uptake of solubilized COD by the acidogens and methanogens.  The influent 
characteristics also seemed to support this explanation as the soluble COD incoming 
from the domestic wastewater was already very low.  
 
 
The HRT was switched to 8 h at Day 240, the COD removal efficiency was observed 
to drop drastically (-40% removal was obtained based on samples collected) due to 
wash out of biomass. The system took about 2 weeks to recover.  The influent 
concentrations of tCOD and sCOD were found to range from 360 – 700 mg/L and 70 
- 127 mg/L with average values being 552 and  97.4 mg/L respectively. At this HRT, 
due to poor solids captured and larger organic loading, the effluent quality was poorer 
compared to HRT at 16 h. Generally, the effluent concentration was found to increase, 
77 – 333 mg/L and 36.8 – 80.2 mg/L for tCOD and sCOD, respectively. The average 
effluent concentrations calculated for tCOD and sCOD were 223 mg/L and 57 mg/L., 
respectively. For BOD5, the effluent concentrations for tBOD5 and sBOD5 were found 
to be 28 – 85 mg/L and 11 – 25 mg/L, with an average of 67mg/L and 17 mg/L, 
respectively. The removal efficiencies for tBOD5 and sBOD5 correlated well with 
COD and also had decreased slightly.  
 
The removal efficiency of tCOD and sCOD were 35 - 64% and 21.4 – 52.5%, with 
the average values decreasing to 59% and 40.4%, respectively. The average for 
tBOD5 was 72 and 50% for sBOD5 during steady-state operations. 
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Figure 7: Variation in COD of UASB 1 under continuous 16 and 8 h HRT operation 
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Figure 8: Variation in BOD5 of UASB 1 under continuous 16 and 8 h HRT operation. 
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4.2.4 Biogas Composition 
Figure 9 shows the variation of biogas composition in the big gas collector with time 
for UASB 1. At HRT of 16 h, it was found that the biogas collected has an average 
methane composition of about 77%, which is typical for municipal wastewater. 
Nitrogen gas was initially flushed into the reactor to remove oxygen to promote 
anaerobic conditions, and it was subsequently purged out of the system through gas 
released which was done once very 2 d. On Day 45, a gas leakage was detected in the 
gas collector and biogas was lost. This leakage was attributed to a punctured rubber 
septum which was used as a means to extract biogas from the gas collector for 
analysis. The rubber septum was changed immediately and the methane composition 
returned to normal in about 10 d. At 8 h HRT, there was no significant change in 
terms of methane composition, which was maintained at an average of 75% (Table 4). 
The carbon dioxide and hydrogen sulphide levels were also found to stabilize at about 
5.5 % and less than 1%, respectively. 
 
4.2.5 Biogas Production 
The amount of biogas collected with time is plotted in Fig. 10. It can be seen that the 
biogas production in the small gas collector was almost negligible. This shows that 
the three phase separator had been well-designed as most of the biogas produced was 
being collected by the main (big) gas collector. As the system stabilized, the average 
biogas production was found to vary between 3-5 L/d. The amount of biogas 
produced was depended on the influent organic loading. When the organic loading 
was high, more biogas was observed to be produced since there was more substrate 
generated for the methanogens to utilize to produce more methane. An average 
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methane production of 0.157 L/g tCODremoved was obtained and the highest methane 
production recorded was 0.218 L/g tCODremoved. Compared to the theoretical value of 
0.341 L/g tCODremoved, this value seems low. This may be attributed to the fact that a 
large part of the methane gas produced had remained in the dissolved phase (Haandel 
et al., 1994). 
 
When the HRT was switched to 8 h, a drop in biogas production was observed due to 
washout of biomass. As the reactor stabilized, it was found that the biogas production 
increased. The daily biogas production varied between 6.3 – 10.1 L/d with an average 
of 7.6 L/d. This could be accounted since when the HRT was lowered, the organic 
loading applied would increase. As the substrate concentration increased, and 
nutrients were not limiting, a better environment was created for the anaerobic 
microbes to thrive and grow. As microbial activity increased, especially for the 
methanogens, the amount of methane (5.5L/d) and biogas generation would also 
increase. The average biogas composition, however, remained largely the similar. The 
average gas composition detected during this period was 75% and it fluctuated 
between 72 – 77%. 
 
At steady state conditions for 8-h HRT, an average methane production of 0.151 L/g 
tCODremoved was obtained and the highest methane production recorded was 0.234 L/g 
tCODremoved (Table 4). There was no significant change compared to the results 
obtained for 16 h HRT. This observation suggested that microbial activity was similar 
and the reactor was able to handle the increased organic loading adequately well.  









































Figure 9: Variation in biogas composition of UASB 1 under continuous 16 and 8 h HRT operation. 
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Figure 10: Variation in biogas production of UASB 1 under continuous 16 and 8 h HRT operation. 
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4.3 Operating performance of UASB 2 
UASB 2 was seeded using digester sludge from the UPWRP at the beginning of 
October 2005. The TSS and VSS of the seed sludge were found to be about 25 g/L 
and 17 g/L, respectively. The same protocol was observed for starting up the reactor 
to ensure the sludge blanket would develop in the same way for comparison and 
analysis. The HRT was progressively stepped down to reduce sudden biomass 
washout. After 30 d of operating the UASB at 12 h HRT, the effluent quality was 
found to be quite stable. This provided confidence and the HRT of the reactor was 
reduced further to 6 h. Sludge flotation was not observed in this start up of this reactor 
as internal recycling was applied during the initial stages to ensure the digester sludge 
was well mixed. 
 
The effective volume of this second UASB was 30 L instead of 40 L.  Changes were 
made to the volume of the 3 phase separator to investigate its impact on reactor 
stability and performance. A larger clarifier at the top of the UASB may initially 
provide larger sludge holding area and thus better solids retention. However, from an 
economic as well as engineering perspective, this may result in the UASB reactor 
being more costly to construct. Moreover, under maximum sludge holdup conditions, 
a larger clarifier merely prolonged the reactor from reaching steady state and 
assessing the performance of the UASB. 
 
4.3.1 TSS and VSS removal 
As the intended HRT was 6 h, the operating HRT of the reactor was progressively 
stepped down. This was done to prevent the sudden washout of all the biomass and 
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provided more time for the microbes inside the UASB to acclimatize. After a month 
of running the reactor at HRT of 12 h, it was found that the reactor was operating with 
very good solids removal of more than 80% removal efficiencies for both TSS and 
VSS. This was rather misleading since such a result was due to good solids separation 
by the separating funnel, which was still unfilled with accumulated solids. These 
results were thus not the true reflection of the performance of the UASB at 12 h HRT. 
Stability should be determined based on biological activity in the UASB. The biogas 
production reached steady production after 2 weeks, maintaining at an average of 4 
L/d. The methane composition also reached 70% at the same time. This gave a strong 
indication that the microbial community had adapted well and the HRT was 
subsequently stepped down to 6 h HRT. 
 
At the start of 6 h HRT on Day 30, a sharp dipped in the removal efficiencies of TSS 
and VSS was observed (Fig. 11). The organic loading was doubled and the solids 
inside the UASB started to build up progressively. Suspended particles which could 
no longer settle well under this HRT were being washed out of the system, leading to 
the drop in performance during this transition phase. Interestingly, the second reactor 
was found to reach steady state condition after 120 d which was comparable to the 
first UASB reactor. The progress and performance under 6 h HRT were continuously 
monitored for  another 164 d. 
 
During the 120 d of start-up, the removal efficiencies of TSS and VSS were found to 
fluctuate heavily and periodic washout was observed. Due to the nature of sewage 
characteristics, the TSS and VSS fluctuated at 280 - 850 mg/L and 200 - 425 mg/L 
with the average values being 437 and 322 mg/L, respectively.  From Fig. 11, it can 
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be seen that during this start up period, there were occasions where the concentrations 
of TSS and VSS from the wastewater were unusually high. The findings suggest that 
similar to UASB 1, the UASB 2 was prone to washout during periods of shock 
loading since the reactor was operating at maximum sludge holdup. However, as the 
influent concentration was decreased, the solids retention ability recovered quickly. 
 
Unlike UASB 1, no sludge floatation was observed for UASB 2 at 6 h HRT as well. 
This could be due to better enhance mixing due to higher upflow velocity imposed at 
shorter HRT.  Coupled by the fact that there was sufficient buffering capacity from 
the sewage wastewater, the pH was self-maintained between 6.8 - 7.2 and no dosing 
of sodium carbonate was necessary. 
 
The effluent from UASB 2 at 6 h HRT showed higher solids concentrations: 80 – 260 
mg/L for TSS and 64 – 196 mg/L for VSS. The average TSS and VSS concentrations 
calculated based on steady state conditions were 174 and 134 mg/L, respectively. 
Calculation of average solids removal efficiencies revealed 58 and 56 % removal for 
TSS and VSS. This was only slightly lower compared to the first UASB running 
under 8 h HRT. It was observed that the removal efficiency would fluctuate greatly, 
which was affected by the solids concentration from the sewage. The TSS removal 
efficiency varied from 41 to 84 % while the VSS removal efficiency ranged from 41 – 
80%. 
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Figure 11: Variation in TSS and VSS of UASB 2 under continuous 6 and 4 h HRT operation. 
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On Day 254, another study was carried out by alternating HRT of 4 h and 6 h over a 
12 h interval daily. The results will be presented and discussed later.  This study 
ended 90 days later and the reactor was operated at HRT of 4 h. From Fig. 11, it was 
found that the reactor performance was unstable as the solids removal fluctuated 
greatly. The effluent concentrations for TSS and VSS were 112 – 348 mg/L and 108 – 
284 mg/L, respectively. The UASB could not retain and hydrolyze the particulate 
solids in time and suspended solids were washed out from the reactor. In terms of 
removal efficiencies, the TSS range varied widely 25 – 77% while VSS varied from 
25 – 73%. Average TSS and VSS removal efficiencies calculated were only 39 and 
40%, respectively. The operation was stopped after 60 d based on inefficient 
performance. 
 
4.3.2 TSS and VSS variation of sludge blanket at height of 
0.65m 
 
Similar to UASB 1, the sludge concentration was continuously monitored at sample 
port 4, 0.65m from the base of the UASB which coincides with the middle of the 
sludge blanket level. During 6 h HRT, the average TSS and VSS concentration was 
found to be 15 g/L and 10 g/L, respectively. Due to the higher upflow velocity applied 
at this HRT, the solids retention was poorer and washed out of the system occured 
despite the increase in organic loading. The sludge concentration fluctuated with time 
(Fig. 12), similar to the first UASB. This could be due to the fluidized nature of the 
sludge blanket and variation in sewage influent concentration with time. No granules 
were also observed during this period due to the low organic loading rate. The 
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average sludge composition in terms of TSS/VSS ratio was 0.71, indicating the 
composition was highly organic. 
 
From Day 167 onwards, it was found that the solids concentration gradually increased 
and granules probably started to develop. Granules were also coincidentally noticed 
after 200 d.  The solids concentration stabilized at an average of 28 and 20 g/L for 




Interestingly, this composition was similar to what was found in UASB 1, suggesting 
strongly that a certain concentration of inorganic compounds had to be present for 
granulation to occur. Even when the HRT was lowered to 4 h, the sludge 
concentration was found to be stable. This shows that the granules developed had 
great settling properties and could resist the increased in upflow velocity adequately 
well. It was possible that the development of granules might aid in achieving better 
solid retention in the reactor. 












































Figure 12: Variation in TSS and VSS on sample port 4 of UASB 2 under continuous 6 and 4 h HRT operation. 
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4.3.3 tCOD, sCOD, tBOD5 and sBOD5 Removal 
The variation in tCOD and sCOD and their respectively removal efficiencies with 
time are depicted in Fig. 13. During the first month of operation when the HRT was 
12 h, the COD removal efficiency was above 75% which was related to the good 
solids removal. When the HRT was switched from 6 to 4 hrs, washout of biomass 
occurred and this resulted in the decrease in removal efficiency. The reactor took 
about 60 d to acclimatize and reached steady state. The UASB 2 reactor was then 
monitored for a period of 165 d to evaluate its treatment performance at steady state. 
Considerable fluctuations in the sewage concentrations were observed throughout the 
period. The quality of the influent wastewater depended on household usage and 
weather. During rainy days, it was observed that the COD was diluted by rainwater. 
The influent tCOD and sCOD varied from 318 – 766 mg/L and 37 – 130 mg/L, 
respectively. The average tCOD and sCOD was found to be 544 and 93 mg/L, 
respectively. The influent sieved sewage tBOD5 and sBOD5 concentrations fluctuated 
in the range of 122 to 330 mg/L and 17 to 75 mg/L, respectively, with the average 
tBOD5 of 229 mg/L and sBOD5 of 37 mg/L (Table 4).  
 
Despite the increased in organic loading compared to 8-h HRT UASB, it was found 
that the effluent quality in terms of COD did not improved significantly at all. The 
tCOD and sCOD was found fluctuating from 101- 329 mg/L and 34 – 84 mg/L, 
respectively.  Compared to the COD and BOD5 removal efficiency of UASB running 
at HRT of 8 h, the removal efficiency were surprising comparable and did not 
decreased significantly, varying at 40 – 70 % for tCOD and 14 – 61% for sCOD. The 
average tCOD and sCOD over this period at steady condtions were 57 and 38%, 
respectively. Effluent tBOD5 and sBOD5 concentrations was in the range of 41 – 151 
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mg/L and 11 – 34 mg/L, respectively, with an average value of tBOD5 of 79 mg/L and 
sBOD5 19 mg/L. The highest tBOD5 removal efficiency achieved was 63% with an 
average of 48%. 
 
The soluble COD and BOD removal did not improve despite the increase in organic 
loading. Hydolysis could have become a limiting factor for treatment as the 
particulate COD could not be broken down in time and were washed out of the system. 
This observation was similar to the UASB operating at 8 h HRT as well. This could 
mean that the HRT was getting too low for the UASB to operate efficiently. 
 
Overall, the results suggested that the UASB reactor was capable of operating at a 
higher organic loading of 6 h HRT compared to 8 h HRT without significant impact 
on solids and COD removal.  
 
The HRT was switched to 4hrs at Day 340 and the COD removal efficiency was 
noted to fluctuate in a haphazard manner. The system was monitored for more than 60 
days and showed little signs of stabilization in terms of solids and COD removal 
performance. The reactor was found not capable of responding to the shock loading 
imposed by the sewage influent concentration. The influent concentrations for tCOD 
and sCOD were ranging from 302 – 700 mg/L (Table 4) and 59 - 153 mg/L with 
average values being 491and  92 mg/ respectively. The effluent quality was found to 
be even poorer. To summarize, the effluent concentrations were found to increase, 
170 – 422 mg/L and 38 – 89 mg/L for tCOD and sCOD. The average effluent 
concentrations calculated for tCOD and sCOD were 293 mg/L and 58 mg/L, 
respectively. For BOD5, the effluent concentration for tBOD5 and sBOD5 were found 
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to be 30 – 150 mg/L and 10 – 26 mg/L with an average of 62mg/L and 11 mg/L 
respectively.  
 
In terms of removal efficiencies for tCOD, sCOD and tBOD5 and sBOD5, the removal  
ranges for tCOD and sCOD found were 12 - 65% and 18 – 44%, with the average 
values decreasing to 36% and 37%, respectively. The average removal for tBOD5 was 
46% and 48% for sBOD5 during steady state.  
 
As the HRT decreased, it was generally found that the TSS, VSS, COD and BOD5 
removal efficiencies decreased as well. For soluble portion of COD and BOD5, the 
decrease were less significant. As mentioned, this might be due to the increased in 
upflow velocity resulting in poor solids retention and thus liquid-solids separation by 
physical means was compromised. In terms of solids removal, this could be due to 
limiting factors such as hydrolysis where the hydrolytic bacteria could not degrade the 
particles in time for anaerobic microbes to convert to methane. 



























































Figure 13: Variation in COD of UASB 2 under continuous 6 and 4 h HRT operation. 






















































Figure 14: Variation in BOD5 of UASB 2 under continuous 6 and 4 h HRT operation. 
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4.3.4 Biogas Composition 
 
The variation in biogas composition with time for UASB 2 is illustrated in Fig. 15. 
Nitrogen gas was initially flushed into the reactor to remove residual oxygen to 
promote anaerobic conditions. The gas was subsequently purged out of the system 
during gas release which was performed daily.  At HRT of 6 h, the biogas collected 
had an average methane composition of about 73% (Table 5) which did not differ 
significantly from UASB 1. Even when the HRT was shortened to 4 h, there was no 
observable dropped based on the amount of biogas collected. Carbon dioxide levels 
were found to be at an average of 5 % and the amount of hydrogen sulphide was less 





4.3.5 Biogas Production 
 
Fig. 16 illustrates the variation in the amount of biogas collected in UASB 2 with time. 
The biogas production in the small gas collector was found to be almost negligible, 
showing the bulk of the biogas produced in the reaction captured by the 3-phase 
separator. As the system stabilized, the average biogas production was found to vary 
between 3 - 4 L/d during the first 120 days before it gradually increased and stabilized 
at an average of 6.9 L/d (Table 5).  An average methane production of 0.152 L/g 
tCODremoved was obtained. The highest methane production recorded was 0.25 L/g 
tCODremoved. Compared to the values obtained from UASB 1 (Table 5),
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Figure 15: Variation in biogas composition of UASB 2 under continuous 6 and 4 hrs HRT 
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they were found to be interestingly similar. However, since UASB 2 was smaller (at 
30 L), the amount of gas generation per unit volume of wastewater treatment was 
much higher. This shows that the reactor was still capable of handling the increased 
organic loading under 6 h HRT adequately well. 
 
When the HRT was switched to 4 h, while the increased in organic loading should 
ideally lead to more biogas production. However, the overall biogas dropped slightly 
to an average of 6 L/d. This could be due to the destabilizing effect under low HRT 
where biomass has a higher tendency to be washed out from the UASB.   
 
Also, hydrolysis became a limiting factor in which particulate COD could not be 
broken down in time. During steady state conditions at 4-h HRT, the average methane 
production fell to 0.08 L/g tCODremoved. The highest methane production recorded was 
only at 0.082 L/g tCODremoved (Table 5). Clearly, incomplete treatment of organic 
matter had caused a lower methane production at shorter HRT. The reactor was no 
longer performing at a reasonable standard. Modifications would be required to 
further enhance the solids retention device.  









































Figure 16: Variation in biogas production of UASB 2 under continuous 6 and 4 h HRT operation. 
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TSS (mg/L) COD (mg/L) BOD5 (mg/L) 
Influent Effluent Influent Effluent Influent Effluent 
TSS VSS TSS VSS Total Soluble Total Soluble Total Soluble Total Soluble 
16 235 248 - 715 196 - 420 42 - 168 33 - 124 318 - 734 36 - 157 78 - 222 36 - 77 122 - 236 17 - 75 24 - 83 9 - 38 
  (460) (323) (94) (69) (525) (88) (155) (47) (197) (38) (46) (16) 

















  (430) (320) (170) (125) (552.1) (97.4) (222.8) (56.7) (237) (32.6) (67.3) (16.7) 
6 225 280 - 850 200 - 425 80 - 260 64 - 196 318 - 766 37 – 129.9 
101 – 
328.5 
33.6 - 84 122.3 - 330 17 - 75 
41 - 
151 
11 – 34 
  (437) (322) (174) (134) (544) (92.8) (226.7) (56.5) (229) (37) (79.3) (19) 





302 - 699 59 - 153 
170 - 
422 
38 - 89 112 - 280 20 - 71 
30 - 
150 
10 - 26 
  (411) (316) (246) (184) (490.8) (92.2) (293.5) (57.9) (212) (35) (61.5) (11) 
Removal 





SS (mg/L) COD (mg/L) BOD5 (mg/L) 
TSS VSS Total Soluble Total Soluble 
16 235 71 - 90 72 - 89 33 - 87 12 - 69 60 - 86 27 – 73 
  (81) (80) (70) (46) (77) (56) 
8 285 32.5 – 86.6 32.9 – 85.4 34.8 – 64.4 21.4 – 52.5 66.9 – 89.5 44.0 – 63.6 
  (58.5) (60.2) (58.9) (40.4) (71.6) (50.2) 
6 225 41.6 – 83.8 40.6 - 80 39 – 69.8 14.4 – 60.9 38.7 – 82.4 39.9 – 62.7 
  (57.6) (56.1) (57) (38) (68.2) (48.4) 
4 60 24.8 - 77.0 24.4 - 73 12.1 - 65.2 18 - 44 28.5 - 68.1 37.9 - 64.2 
  (38.7) (40) (36.3) (36.6) (45.8) (48) 
 
Numbers in parenthesis denote mean values  
 
















Biogas Production CH4 Composition CH4 Production Specific CH4 production 
(L/d) (%) (L/d) (L CH4 produced/g tCOD removed) 
16 
235 2. 7 - 5.3 73.3 - 84.6 2.1 - 4.1 0.09 - 0.218 
 (4.3) (77.6) (3.3) (0.157) 
8 
285 6.27 – 10.1 71.8 – 77.0 4.39 – 6.33 0.076 - 0.234 
 (7.64) (75) (5.54) (0.151) 
6 
225 5.17 – 8.28 66.4 – 75.4 3.4 – 6.0 0.081 - 0.25 
 (6.86) (72.6) (4.8) (0.152) 
4 
60 4 - 7.9 65.8 - 72.3 2.4 - 4.4 0.059 -0.082 
 (6) (68) (3.85) (0.08) 
            
 
 Numbers in parenthesis denote mean values  
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4.4 Effluent Quality 
The appearance of the effluent quality after treatment of UASB at 16, 8 and 6 h HRTs 
is shown in Plate 14. As the performance of the organics removal decreased at lower 
HRTs, the colour of the effluent turned more grayish which indicated high 
concentration of dissolved and suspended substances humic in nature, leading to poor 
aesthetic value of the effluent. 
 
Plate 14: Influent and effluent quality of the UASB at 16, 8 and 6 h HRT operation. 
 
4.5 Total Organic Carbon (TOC) Removal 
 
 
TOC is seldom used to compare with BOD5 and COD since regulatory agencies and 
governing bodies typically prefers to use BOD5 and COD as a determinant for 
compliance with effluent quality discharge limits. TOC values can be obtained using a 
TOC analyzer which convert organic carbon to carbon dioxide either by combustion 
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or through chemical oxidation using a strong oxidizing agent. The gas produced is 
then measured by an infra-red detector. While the three tests seek to measure carbon 
content in a given sample, it is important to distinguish the differences between the 
parameters. The TOC, unlike the BOD5 and COD is a measure of organic carbon 
content in a given sample. Hence, it does not reveal much details on the 
biodegradability of the organic matter present in the sample.  
 
Monitoring TOC removal will thus provide information on organic carbon removal 
from the reactor and is often faster and easier to perform than BOD5 and COD tests. 
This parameter is still useful as it serve to provide a prompt indication in the changes 
of wastewater quality, allowing possibly more time for operators to take action and 
rectify treatment problems.  
 
Fig. 17 shows the variation in TOC concentration of UASB 1 at 16 and 8 h HRTs 
operation with time. During the initial startup period, biomass washout caused the 
TOC removal efficiency to fluctuate significantly. At 16 h HRT, under steady 
conditions, the total influent TOC concentration was between 20 – 68 mg/L with an 
average of 34.5 mg/L (Table 6). The soluble portion, otherwise known as dissolved 
organic carbon (DOC), varied from 8 to 29 mg/L with an average of 16 mg/L. The 
effluent total and soluble TOC fluctuated at 10 – 50 mg/L and 6.2 – 24 mg/L, 
respectively. The average values found over this period were 18.1 and 12.2 mg/L, 
respectively. At steady conditions, the average removal efficiency for TOC and DOC 
were 46.7% and 23.4%. After Day 240, the HRT was switched from 16 to 8 h, and a 
sharp decrease in TOC removal was observed similar to the TSS, BOD5 and COD 
which was caused by the temporary washout of biomass and suspended particles. This 
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had also caused a dipped in removal efficiency which was also noted on Day 430 that 
could be due to shock loading as the influent  TOC concentration suddenly increased. 
During stable performance, the TOC and DOC removal efficiencies at 8 h were found 
to be 42 and 32.2%, respectively.  The decrease in HRT led to an increase in the 
upflow velocity in the reactor and suspended solids which could not settle well at this 
velocity were washed out of the system. The effluent TOC and DOC ranged from 14 
– 47 mg/L and 6.5 – 23 mg/L with an average of 22.8 and 12.1 mg/L, respectively.  
 
One interesting finding is that the removal efficiency of DOC had actually increased. 
This could be due to the higher organic loading imposed when the HRT decreased 
from 16 to 8 h. As the substrate concentration increased, the microbial activity would 
also increase, leading to higher biogas production. This eventually promote better 
mixing and biomass-substrate contact. Evidence of higher biogas production was 
observed during this period. 
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Influent TOC Influent DOC Effluent TOC Effluent DOC TOC removal % DOC removal %
Max. Sludge Holdup Desludge
HRT=16hrs HRT= 8 hrs
 
Figure 17: Variation in TOC of UASB 1 under continuous 16 and 8 h HRT operation.
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The fluctuation in TOC concentration and removal efficiencies are illustrated in Fig. 
18.  At 6 h HRT under steady conditions, the average TOC and DOC removal 
efficiencies were 38.3 and 27.8 %, respectively (Table 6). The highest removal 
efficiency was about 70.8% which was similar to the highest value obtained at 16 h 
(69%) and 8 h (67%) HRT operation.  The average TOC and DOC removal 
efficiencies at 16 h, compared to 8hrs HRT operation had decreased. This could be 
due to the higher organic loading and upflow velocity (due to shorter HRT) which 
resulted in more solids being washed out of the system.  
 
The influent TOC and DOC concentrations obtained was 24 – 91 mg/L and 10.5 – 
50.4 mg/L with the average effluent values ranging from 15.1 – 46 mg/L and 8.6 – 
25mg/L, respectively.  When the HRT was decreased to 4 h, the removal efficiency 
fluctuated significantly. The average TOC and DOC removal efficiencies decreased to 
26.5 and 14.9%, respectively. Hydrolysis could have become a limiting factor and the 
poor solids capture of the clarifier lead to plenty of suspended organic solids leaving 
the UASB without complete treatment. The effluent TOC concentrations ranged from 
19 - 39 mg/L with an average concentration of 26.2 mg/L.  The DOC concentration in 
the effluent, ranged from 4 - 56 mg/L with an average of 15.3 mg/L. The operation at 
this HRT was eventually stopped due to poor performance. Based on the TOC 
removal results, the average removal was less than 50%. Hence, the organic carbon 
removal by the UASB was far from satisfactory. This could be mainly attributed by 
the poor suspended solids retained by the UASB. 
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Figure 18: Variation in TOC of UASB 2 under continuous 6 and 4 h HRT operation. 















Removal efficiency (%) 
Influent Effluent 
Total Soluble Total Soluble Total Soluble 
16 235 20 - 68 8 - 29 10 - 50 6.2 -  24 20 - 69 8.3 - 54 
  (34.5) (15.9) (18.1) (12.2) (46.7) (23.4) 
8 285 25 - 91 12 - 31 14 - 47 6.5 - 23 4 – 67 8 – 62 
  (41.65) (18.4) (22.8) (12.1) (41.9) (32.2) 
6 225 24 – 91 10.5 - 50.4 15.1 - 46 8.6 - 25 5.2 - 70.8 2.7 - 54 
  (44.2) (20) (26) (14.1) (38.3) (27.8) 
4 60 25 - 53 15 - 21 19 - 39 10.6 - 29 4 – 56 12 - 32 
  (37.3) (17.7) (26.2) (15.3) (26.5) (14.9) 
Numbers in parenthesis denote mean values       




4.6 Volatile Fatty Acid (VFA) concentration in UASB 1 
 
During anaerobic process, volatile fatty acids (VFA) are produced during the 
acidogenesis and acetogenesis stages. These products will in turn be utilized by the 
methanogenic bacteria and converted into methane gas. If the VFA are not being 
broken down in time and allow to accumulate in the reactor, the pH of the mixed 
liquor will turn acidic. This can be toxic and will cause inhibition to the 
methanogenesis process. Hence, VFA is an important parameter to monitor in 
anaerobic reactors. The four types of commonly found VFA were measured twice per 



























Total Influent VFA Total Eff luent VFA
HRT=16hr HRT=8hr
 
Figure 19: Fluctuations in total VFA concentration in influent and effluent of UASB 1 with time. 
 
 
Fig. 19 shows the variation in total VFA with time for UASB 1. The complexity in 
composition of domestic wastewater meant that the total VFA influent concentration 
was in constant fluctuation. Propionic acid, commonly used in food preservatives, was 
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the most predominately detected followed by acetic, butyric and N-valeric acid (Table 
7).  The effluent total VFA concentration was noted to increase slightly at the start up 
stage. As the methanogenic bacteria are known to be slower growing bacteria 
compared to the acidogenic and acetogenic bacteria (Metcalf and Eddy 2004), there 
tend to be an over production of the VFA inside the reactor during the initial stages. 
As the reactor matures, VFA in the effluent was often non-detectable or detected in 
trace amounts of about 1 mg/L. This suggested that almost all of the VFA were 
degraded and the reactor was operating well. 
Table 7: Influent and Effluent VFA concentrations and removal efficiency of UASB 1. 
 
VFA concentration (mg/L) 
  Acetic Acid Propionic Acid Butyric Acid N-Valeric Acid 
Influent 0.2 - 30.4 (0.45) 1.2 - 62.7 (19.76) 0.4 – 25.0 (0.83) 0.13 - 2.1 (0.08) 
Effluent 1.1 - 30.8 (0.85) 0.72 - 60 (1.62) 0.2 - 1.2 (0.16) 0.1 - 0.5 (0.18) 
          
Average Influent Total VFA (mg/L) 20.8  
Average Effluent Total VFA (mg/L) 3.0  
Average Total VFA Removal Efficiency (%) 85.7%  
          
 
 
On the 238 day, an unusually high total VFA concentration was detected. This was 
due to the shortening of HRT of from 16 h to 8 h. The sudden increase in organic 
loading may have destabilized the reactor. By Day 270, however, the reactor 
recovered and the effluent VFA concentration was observed to dropped back to trace 
concentrations. Overall, the UASB was able to achieve an average of 86% VFA 
removal efficiency. This indicated that the UASB was able to tolerate total VFA 
influent concentrations of up to 90 mg/L. 
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4.6.1  pH Variation in UASB 1  
Changes in pH of the influent and effluent of the UASB 1 reactor were monitored 


































HRT=16hrs HRT= 8 hrs
 
Figure 20: Variation in influent and effluent pH of UASB 1 at 16 and 8 h HRT operation. 
 
The pH of the influent wastewater was at 6.8 – 7.5 which is typical for sewage with 
the a mean pH of 7.1. On the other hand, the effluent pH tends to fluctuate within a 
range of 6.5 to 7.8. On Day 15, the pH was recorded at 9.0, which was caused by an 
accidental dosing of 0.2 M sodium carbonate from the pH controller. This alkalinity 
took about 1 week to leave the reactor before the effluent pH returned to normal.  
Overall, the effluent pH remained stable and varied between 6 to 8, with a mean value 
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of 7.1.  Slight decrease in the effluent pH could be caused by propionic acid found in 
the effluent. Generally, there was sufficient alkalinity in the influent to provide 
adequate buffer capacity caused by VFA in the UASB.  
 
4.7 Total Nitrogen, Total Phosphorous, Sulphates and 
Alkalinity of influent and effluent in UASB 1 
The total nitrogen (TN) concentrations in the influent and effluent were 42.5 and 41.2 
mg/L, respectively. Hence, this showed insignificant TN removal.  An increased of 
about 19%, 11% and 20% was detected for soluble total nitrogen, phosphorus and 
ammonia concentration by comparing to the influent and effluent samples (Table 8). 
This net increase in the effluent ammonia levels can be partly due to the effect of 
nitrogenous organic matter degradation where organic-N was mineralized to produce 
ammonia-N. The finding also coincide with some literature which reported that 
digestion in UASB often resulted in poor nitrogen and phosphorus removal since the 
system does not produce large quantities of sludge (Barbosa et al., 1989). 
Table 8: Summary of influent and effluent concentrations and removal efficiencies of total 















Total Nitrogen  
23 - 64 
(42.5) 
16.3 - 40.7 
(31.3) 
15.7 - 58.8 
(41.2) 
18.4 - 48.2 
(35.1) 
2.10% -19.0% 
Total Phosphorus  - 
9 - 15.3 
(13.1) 
- 
9 - 16.2 
(14.0) 
- -11.0% 
Total Ammonia  - 
18.9 - 50.4 
(34.6) 
- 
25.4 - 60.9 
(41.1) 
- -20.2% 
Sulphate  - 
6 - 68.4 
(20.6) 
- 





168 - 615 
(285) 
- 
180 - 660 
(302) 
- NA NA 
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Thus, the nitrogen and phosphorous demand for bacteria growth were almost 
negligible and should these substances were not accumulated in the UASB, the 
nitrogen and phosphorus content in and out of the reactor would be similar (Fuchs et 
al., 2003). Another possible reason that soluble effluent concentrations were higher 
than soluble influent could be due to hydrolysis of organic matter. This process 
subsequently resulted in the released of nitrogen and phosphorus in soluble form 
(Ruiz et al., 1998) 
 
The sulphate reduction observed was at an average of 49%. This indicated the 
presence of sulphate reducing bacteria (SRBs) which are known to be common in 
anaerobic reactors. There are reports which suggested possible SRBs could out-
compete the methanogens, destabilizing the anaerobic process. However, no 
abnormalty in terms of biogas production was observed at this level of sulphate 
removal. Similar alkalinity levels of 285 mg CaCO3/L and 302 mg CaCO3/L were 
detected in the influent and effluent, respectively. This indicated sufficient buffering 
capacity to maintain the pH between 6.8 and 7.2. 
 
4.8 VFA concentration in UASB 2 
For UASB 2, the total VFA was also tracked and monitored as for UASB 1. Fig. 21 
shows the variation in total VFA with time in UASB 2. Unlike UASB 1, the total 
VFA of effluent concentration took a significantly longer time to reduce to non-
detectable or trace levels. This could be due to the fact that the influent concentration 
of the domestic wastewater collected from UPWRP during start-up for UASB 2 was 
much higher compared to UASB 1. Another reason may be due to the HRT imposed 
on UASB 2 which was much lower (6 and 4 h). Higher organic loading was thus 
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Total Influent VFA Total Eff luent VFA
HRT=12hr HRT=6hr HRT=4hr
Figure 21: Fluctuations in total VFA concentration in influent and effluent of UASB 2 with time 
 
However, once steady conditions were reached, the reactor proved to be robust 
towards total VFA influent concentrations of up to 60 mg/L. When the HRT was 
reduced to 4 h, UASB 2 was found to destabilize and the effluent total VFA 
concentration increase slightly following the initial phase. However, the VFA removal 
efficiency was observed to recover within 2 weeks after the switch to 4 h HRT. The 
average total VFA removal efficiency  achieved was 85.5% (Table 9). 
Table 9: Influent and Effluent VFA concentrations and removal efficiency of UASB 2 
VFA concentration (mg/L) 
  Acetic Acid Propionic Acid Butyric Acid N-Valeric Acid 
Influent 0.2 - 34 (2.82) 1.2 - 132.1 (27.1) 0.3 - 25.3 (1.03) 0.3- 5.8 (0.14) 
Effluent 0.6 - 38.8 (0.7) 0.74 - 28.0 (3.23) 0.2 - 3.11 (0.48) 1.5 - 3.1 (0.1) 
          
Average Influent Total VFA (mg/L) 30.5  
Average Effluent Total VFA (mg/L) 4.4  
Average Total VFA Removal Efficiency 85.5%  
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4.8.1 pH Variation in UASB 2 
The fluctuations in pH of the influent and effluent of the UASB 2 system were 





































Figure 22: Variation in influent and effluent pH of UASB 2 at 6 and 4 h HRT operation. 
 
Similar to UASB 1, the effluent pH was found to be stable and remained at 6.8 – 7.5 
which was deemed as the optimum range for methanogenic reactions. The average 
influent and effluent pH were found to be at 7.12 and 6.95, respectively. This slight 
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decrease in effluent pH was a similar trend found for UASB 1 which could be caused 
by the presence of VFA (propionic acid) in the effluent. As there was no excess VFA 
production by the acidgogens, the methanogenic activity was stable leading to stable 
gas production. Even when the HRT was reduced to 4 h, the effluent pH was found to 
remain stable.  
4.9 Total Nitrogen, Total Phosphorous, Sulphates and 
Alkalinity of influent and effluent in UASB 2 
 
The nitrogen, phosphorous and ammonia removal efficiency was found to be similar 
to what was obtained from UASB 1. In general, the average soluble effluent 
concentrations of these compounds tend to be higher than the respective influent 
concentrations. These results provided strong evidence and support that these 
pollutants were not able to be degraded in the UASB system. Total nitrogen removal 
was not significant (only 2.6%) could be attributed to solids accumulation in UASB 1 
(Table 10). 
Table 10: Summary of influent and effluent concentrations and removal efficiencies of total 

















27.9 - 55 
(42.5) 
18.3 - 41.5 
(30.9) 
21.6 - 52.4 
(41.2) 






8.4 - 16.3 
(11.7) 
- 






26 - 50.4 
(36.1) 
- 




6 - 104.4 
(20.6) 
- 





185 - 625 
(303) 
- 
190 - 675 
(324) 
- NA NA 
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On the other hand, the average sulphate removal efficiency was found to have 
increased slightly to 52.7% compared to what was obtained from UASB 1 which was 
only 49%. This minor difference could be caused by differences in operating HRT. It 
is agreed that slight changes in environmental conditions can caused a shift in 
microbial population. As the HRT of the UASB 2 (6 and 4 h) was generally lower as 
compared with UASB 1 (16 and 8 h), the relatively higher organic loading imposed 
on UASB 2 may have created a slightly better condition for SRBs to thrive. 
Fortunately, this did not create major impact on other anaerobic reactions and 
methane production was found to be dominant. Similar alkalinity values monitored 
over time for the influent and effluent of the UASB 2 also concluded that the natural 
buffering capacity from the domestic wastewater from UPWRP was sufficient and no 
external dosing was required. 
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4.10 Sludge Profile in UASB 1 at 16 h HRT 
 
The TSS and VSS concentrations along the heights of UASB 1 were measured and 
compared. The sludge composition (gVSS TSS g-1) was also calculated as the ratio 
between VSS and TSS values. The solids concentration was then plotted against the 
height of the reactor to determine the sludge profile.  Seven days after start up of 
UASB 1 with digested sludge, it was found that the sludge concentration was the 
highest at the bottom of the reactor at 25 g/L for TSS and 17.3 g/L for VSS (Figure 
23). As the reactor height increased, the sludge concentration was noted to decrease. 
This was expected, since as the height of the reactor increases, particles with greater 
settling velocity will tend to settle to the bottom of UASB 1 The height of the sludge 
bed was up to Sample Port 3, which was at about 0.4 m above the base UASB 1. 
 





























Figure 23: Sludge profile along the height of UASB 1 at Day 7 after start up at 16 h HRT 
operation. 
 
It can be seen that the sludge blanket zone started from Sample Port 4 (0.65 m high) 
where there was a sudden decrease in sludge concentration followed by an increase. 














0 25000 17300 0.69 
0.2 12800 9000 0.70 
0.4 8967 5967 0.67 
0.6 11550 7950 0.69 
0.8 8450 5850 0.69 
1.0 1127 247 0.22 
1.8 41 38 0.93 
Sludge Retention Time ≈ 64 d 
Chapter 4: Results and Discussion 
 
108 
suspension. The TSS and VSS concentrations were found to range between 8.5 - 12.8 
g/L and 5.8 – 9 g/L, respectively.  The sludge composition along the sludge bed and 
sludge blanket was similar, showing that the biomass was uniform through out at 
about 0.7 gVSS g
-1
 TSS. This indicated that the sludge comprised more organic than 
inorganic matter. Estimated sludge age based on effluent VSS discharged was about 
64 days which satisfied the requirement (more than 20 d) suggested for stable 
anaerobic reactions. (Metcalf and Eddy 2004). 
 
Figure 24 shows the sludge profile of UASB 1 at Day 100. This coincided with the 
performance of UASB 1 that was first observed to reach steady state. The TSS and 
VSS concentrations from Port 1 to Port 8 ranged from 15.6 – 21.5 g/L and 11- 13.5 
g/L, respectively. The sludge concentration within UASB 1 did not differ significantly 
with height. This seems to suggest that the sludge was well-mixed and behaved in a 
fluidized manner.  






























Figure 24: Sludge profile along the height of UASB 1 at Day 100 after start up at 16 h HRT 
operation. 
As the reactor was subsequently maintained and operated at maximum sludge hold-up, 














0 18867 11633 0.62 
0.2 21550 13550 0.63 
0.4 17750 11200 0.63 
0.6 20050 12850 0.64 
0.8 19650 12250 0.62 
1.0 17550 11250 0.64 
1.2 18450 11900 0.64 
1.4 15650 11000 0.70 
1.6 15850 9900 0.62 
1.8 49 42 0.86 
Sludge Retention Time ≈ 150 d 
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concentration in the reactor. Thus, the sludge profile described a state at which the 
UASB reactor was ―full of sludge‖. This good sludge retention in the reactor resulted 
in efficient solids removal of up to 80% at 16 h HRT and allowed SRT of about 150 
days to be achieved.  
 
Another interesting finding was that, unlike the reactor at start-up, the sludge 
concentration at Port 9, which was located at the clarifying funnel zone, had also 
increased. The TSS and VSS rose to 15 g/L and about 10 g/L, respectively, compared 
to initial values (7days after start-up) which were both less than 0.01 g/L. This was 
due to accumulation of solids at the clarifying zone which occured due to the change 
in surface area as the height of the reactor increased from the anaerobic reaction zone 
to the settling zone in the 3-phase-separator. As the surface area increased, the upflow 
velocity decreased, allowing particles with higher settling velocity to accumulate at 
the clarifying zone. Thus prevented the sludge from being washed out from the 
system. 
 
The accumulation of solids may have caused the overall sludge composition to 
decrease. Thus the VSS/TSS ratio decreased from 0.7 to about 0.63, indicating that 
the sludge contained more inorganic material than organic material. 
 
At approximately 220 days after the reactor start up, the profile was observed to 
change (Fig. 25). The sludge bed concentration (Port 1 to 4) became more distinct 
compared with the sludge concentration from Port 5 to 8. Sludge and biomass which 
could not acclimatize in the reactor was washed out by natural selection. This could 
be a state where the reactor had matured. From Port 5 to 8, the TSS and VSS 
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concentrations fluctuated between 10 – 17 g/L and 0.6 – 11 g/L, respectively, showing 





























Figure 25: Sludge profile along the height of UASB 1 at Day 220 after start up at 16 h HRT 
operation. 
 
The concentration at Sample Port 8 also decreased to TSS and VSS concentrations of 
10.8 g/L and 7 g/L, respectively. The accumulated sludge at the clarifying zone could 
had slide back into the reaction zone for digestion. Another possibility for this 
decreased could be due to periodic washed out of these solids from the reactor 
through natural desludge. From the VSS/TSS ratio, the sludge matrix from Sample 
Port 1 and 2 had become more organic, possibly due to higher biomass concentration 














0 23450 15950 0.68 
0.2 21350 14600 0.68 
0.4 20950 13450 0.64 
0.6 24650 16350 0.66 
0.8 17350 11350 0.65 
1.0 9450 6050 0.64 
1.2 11850 7700 0.65 
1.4 10150 6650 0.66 
1.6 10800 6950 0.64 
1.8 46 36 0.78 
Sludge Retention Time ≈ 160 d 
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4.11 Sludge Profile of UASB 1 at 8 h HRT 
The sludge profile was analyzed 2 weeks after the reactor switched from 16 h HRT to 
8 h HRT (Fig. 26). It could be observed that the sludge concentration started to 
decrease from Sample Port 6 to port 7 and increased from Port 8 to Port 9. The TSS 
and VSS concentrations at port 9 rose to about 20 g/L and 13 g/L.  The increased in 
influent organic loading had also decreased the sludge concentration at sample port 1.  
This drop could be explained since when the HRT was lowered, the upflow velocity 
inside the reactor was increased compared with the UASB operating at 16 h HRT. 
This increase could have triggered a transition period where the sludge matrix needed 
to re-acclimatize. Solids particles which could settle well at 16 h HRT might no long 
do so under 8 h HRT. As the upflow velocity was higher than its settling velocity, 
these particles were driven upwards. 
 






























Figure 26: Sludge profile along the height of UASB 1 at Day 14 after start up at 8 h HRT 
operation. 
 
As these solids approach the settling zone, the 3 phase separator which acted as a 














0 16500 11350 0.69 
0.2 20350 13850 0.68 
0.4 22450 14700 0.65 
0.6 22800 14950 0.66 
0.8 24700 16000 0.65 
1 11250 7450 0.66 
1.2 9200 6550 0.71 
1.4 10950 7050 0.64 
1.6 20550 12900 0.63 
1.8 940 645 0.69 
Sludge Retention Time ≈ 11 d 
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thus highlighted the importance of a well-design 3 phase separator. The absence of it 
may result in a period of sudden massive wash out where a lot of biomass could be 
lost in a short time. This had led to a significant decrease in biogas production due to 
decrease in anaerobic activity.  The sudden loss of biomass and higher concentrations 
of VSS in the effluent caused a sharp drop in the estimated SRT to 11 days. A 
dropped in the daily biogas production was also observed during the period of 






























Figure 27: Sludge profile along the height of UASB 1 at Day 130 after start up at 8 h HRT 
operation. 
 
On Day 130 (Fig. 27), it was noted that the sludge profile showed a gradual decrease 
in sludge concentration as the reactor height increased. However, the sludge 
concentration from the sludge bed (Sample Port 1 to 4 ) showed an increase as well. 
The TSS and VSS concentrations ranged from 27.6 g/L to 33.5 g/L and 18.3 – 22.6 
g/L, respectively, with sludge composition of about 0.67 gVSS g
-1
 TSS. From Port 5 – 
9, an almost constant sludge concentration was observed stabilizing at about 15.5 g/L 














0 30450 20600 0.68 
0.2 27550 18300 0.66 
0.4 33550 22600 0.67 
0.6 28850 19250 0.67 
0.8 25300 17700 0.70 
1 17200 12400 0.72 
1.2 14950 10850 0.73 
1.4 15850 11600 0.73 
1.6 15900 10150 0.64 
1.8 104 96 0.92 
Sludge Retention Time ≈ 90 d 




Under this condition, the estimated SRT was calculated to be 90 days. This was half 
of that at 16 h HRT. Such change was expected as the reduction in HRT had led to an 
increase in upflow velocity and organic loading. This caused relatively more 
suspended solids to be washed out. Even though the SRT was reduced, there was no 
severe impact on the biogas production. This meant that conditions were still 
favourable for good anaerobic reactions to take place. The effluent TSS and VSS 
concentrations were found to be 104 mg/L and 96 mg/L, respectively.  
 
4.12 Sludge Profile of UASB 2 at 6 h HRT 
 





























Figure 28: Sludge profile along the height of UASB 2 at Day 120 after start up at 6 h HRT 
operation. 
 
For UASB 2, the reactor was started up in the manner as the first UASB and was 
seeded with digester sludge taken from UPWRP. The reactor started out operating at 
24 h HRT and was progressively stepped down to 6 h HRT within a period of 30 days 















0 17100 12200 0.71 
0.2 23250 16200 0.70 
0.4 22750 15400 0.68 
0.6 16700 11650 0.70 
0.8 11650 8400 0.72 
1 10850 7900 0.73 
1.2 7400 5400 0.73 
1.4 6300 4550 0.72 
1.6 10300 7000 0.68 
1.8 148 120 0.81 
Sludge Retention Time ≈ 35 d 
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UASB 2 operating at 6 h HRT on Day 120. A similar trend was found as with UASB 
1 operated at 16 h HRT after Day 100. The overall sludge concentration was high at 
the bottom of UASB 2 but decreased gradually with the height of UASB 2. The TSS 
and VSS concentrations at the sludge blanket (Sample Port 1 to 4) varied between 
16.7 – 23.2 g/L and 11.6 – 16.2 g/L, respectively. A high accumulation of solids was 
observed at Port 9 where the TSS and VSS concentrations were 10.3g/L and 7g/L, 
respectively. As the reactor was operated at 6 h HRT, the upflow velocity was higher 
compared to UASB 1 running at 8 h HRT. It was logical to expect more suspended 
solids being driven upwards and captured by the clarifier.   The TSS/VSS ratio 
throughout the reactor fluctuated between 0.68 – 0.72 which indicated the sludge 
matrix was more organic in nature. This could be due to better mixing within UASB 2 
at shorter HRT. This attribute could induce and lead to better contact between the 
biomass and its substrates, promoting anaerobic activity. 
 













































0 23450 15550 0.66 
0.2 27600 18200 0.66 
0.4 32200 21800 0.68 
0.6 30200 20150 0.67 
0.8 27600 19200 0.70 
1 15400 11000 0.71 
1.2 10450 7350 0.70 
1.4 8750 6150 0.70 
1.6 8650 5600 0.65 
1.8 220 156 0.71 
Sludge Retention Time ≈ 25 d 
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At Day 230, the sludge concentration was found to stabilize and there was an overall 
increase in the sludge concentration in the sludge blanket. The TSS and VSS 
concentrations increased to 23.4 – 32.2 g/L and 15.5 – 21.8 g/L, respectively, (Fig. 
29), showing good growth and accumulation in the UASB.  As the reactor height 
increased, the sludge concentration decreased gradually. It was also found that the 
solids concentration from Sample Port 8 and 9 were less than 10 g/L for both TSS and 
VSS. It seems to suggest that the solids capture system at 6 h HRT was slightly 
inferior compared to the UASB 1 running at 8 h HRT. As the effective clarifier 
volume in UASB 2 was smaller than UASB 1, the solids retention capability might 
had been affected. The sludge composition at the bottom of UASB 2 (Sample Port 1 - 




4.13 Sludge Profile of UASB 2 at 4 h HRT 













































0 20350 14300 0.70 
0.2 31900 21150 0.66 
0.4 28000 26200 0.94 
0.6 30100 20150 0.67 
0.8 26400 17250 0.65 
1 33350 22800 0.68 
1.2 30400 21100 0.69 
1.4 11850 8600 0.73 
1.6 19750 12000 0.61 
1.8 192 140 0.73 
Sludge Retention Time ≈ 30 d 
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The HRT of the UASB 2 was reduced to 4 hrs and the sludge profile was investigated 
on Day 30 (Figure 30).  The solids concentration at Port 1 had decreased significantly 
to 20 g/L for TSS and 14.3 g/L for VSS concentration.  On the other hand, the sludge 
concentrations from Port 5 – 7 had increased with TSS and VSS concentration of 26.4 
– 33.5 g/L  and 17.3 – 22.8 g/L, respectively.  This could be due to the increased in 
organic loading leading to higher accumulation of solids in the UASB. At the same 
time, however, as the upflow velocity had increased, causing more solids to be driven 
upwards of the reactor at the same time.  The shape of the sludge profile generally 
appeared unstable with a danger of heavy washout period. The experiment was not 
continued as the overall solids and COD removal were also noted to reach an 
unacceptable levels of treatment.  
 
4.14 Performance of UASB under fixed HRT 
It was found that at 6 h HRT, the TSS and VSS removal efficiencies were 57.6% and 
56.1%, respectively. The average tCOD and sCOD removal efficiencies were found to 
be at about 57% and 38%, respectively. When the HRT was decreased to 4 h, the TSS, 
VSS and tCOD remova efficiencies all decreased, to 38.7%, 40% and 36.3 % (Table 
11), respectively.  
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Table 11: Summary of results of UASB under fixed HRT 
  HRT (h) 6 4 
SS 
Influent (mg/l) TSS 280 - 850 (437) 220 - 510 (420) 
VSS 200 - 425 (322) 185 - 400 (316) 
Effluent (mg/L) 
TSS 80 - 260 (174) 112 - 348 (246) 
VSS 64 - 196 (134) 108 - 284 (184) 
Removal 
efficiency (%) 
TSS 41.6 – 83.8 (57.6) 24.8 - 77.0 (38.7) 
VSS 40.6 - 80 (56.1) 24.4 - 73 (40) 
COD 
Influent (mg/l) 
tCOD 318 - 766 (544) 302 - 699 (490.8) 
sCOD 37 – 129.9 (92.8) 59 - 153 (92.2) 
Effluent (mg/L) 
tCOD 101 – 328.5 (226.7) 170 - 422 (293.5) 
sCOD 33.6 - 84 (56.5) 38 - 89 (57.9) 
Removal 
efficiency (%) 
tCOD 39 – 69.8 (57) 12.1 - 65.2 (36.3) 
sCOD 14.4 – 60.9 (38) 18 - 44 (36.6) 
BOD5 
Influent (mg/l) 
tBOD5 122.3 - 330 (229) 112 - 280 (212) 
sBOD5 17 - 75 (37) 20 - 71 (35) 
Effluent (mg/L) 
tBOD5 41 - 151 (79.3) 30 - 150 (61.5) 
sBOD5 11 - 34 (19) 10 - 26 (11) 
Removal 
efficiency (%) 
tBOD5 38.7 – 82.4 (68.2) 39.9 – 62.7 (48.4) 
sBOD5 28.5 - 68.1 (45.8) 37.9 - 64.2 (48) 
 
The sCOD removal did not differ significantly and remained at about 37%.  Despite 








, due to the decrease in 
HRT, the average biogas production did not increase. The biogas production was 
noted to decrease from 6.9 L/d at 6 h HRT to about 6 L/d at 4 h HRT.  The average 
specific methane production calculated decreased from 0.152 L CH4 produced/ g 
tCOD removed to 0.08 L CH4 produced/ g tCOD (Table 12).  









production (L CH4 
produced/g tCOD 
removed) 
6 5.17 – 8.28 66.4 – 75.4 3.4 – 6.0 0.081 - 0.25 
 6.86 72.6 4.8 0.152 
4 4 - 7.9 65.8 - 72.3 2.4 - 4.4 0.059 -0.082 
 6 68 3.85 0.08 
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The results suggested that the rate of hydrolysis had become a limiting factor and the 
suspended particulates could not be solublized in time and were being washed out  of 
the system before it could be utilized by anaerobic biomass inside the UASB reactor. 
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4.15 Performance of UASB under alternating HRT (4-6hrs) 
Alternating HRTs, simulating the normal fluctuating household wastewater 
discharged to the treatment plant, were maintained to study the performance of UASB. 
The daily operation mode was as the follows: 
  9 am – 9 pm  @ HRT 4 hours   
  9 pm – 9 am   @ HRT 6 hours   
Parameters such as SS, VSS, tCOD, sCOD, tBOD5, sBOD5, biogas production and 
biogas composition were monitored at each HRT to study the performance of the 
UASB. The process was carried out for 90 days which was achieved and controlled 
with the use of a timer.  
Table 13: Results of UASB under alternating HRT (4-6h) 
  HRT (h) 6 4 
SS 
Influent (mg/l) 
TSS 275 - 565 (370) 
VSS 210 - 455 (314) 
Effluent (mg/L) 
TSS 104 - 352 (215) 184 - 424 (291) 
VSS 92 - 280 (172) 152 - 332 (231) 
Removal 
efficiency (%) 
TSS 8.4 - 68 (42) 5.7 -49.7 (25) 
VSS 34 - 60.8 (44) 3.4 – 48.5 (28) 
COD 
Influent (mg/l) 
tCOD 341 - 676 (495.2) 
sCOD 74.3 - 132 (95.8) 
Effluent (mg/L) 
tCOD 190 - 516 (301) 226 - 547 (368) 
sCOD 35 - 86 (53) 38 - 76 (53) 
Removal 
efficiency (%) 
tCOD 8.4 - 64.9 (40.5) 7.3 – 50 (27.8) 
sCOD 25.9 - 60.8 (47.2) 7.7 - 82.3 (42) 
BOD5 
Influent (mg/l) 
tBOD5 169 - 238 (194) 
sBOD5 29 - 41 (34) 
Effluent (mg/L) 
tBOD5 50 - 106 (77) 84 - 147 (121) 
sBOD5 9.6 - 16.4 (13) 12 - 19 (14) 
Removal 
efficiency (%) 
tBOD5 37.4 - 78 (58) 29 - 56.8 (40) 
sBOD5 50.8 - 75.4 (62.8) 49 - 71.44 (58.1) 
 
The removal efficiencies were found to be lower compared to the performance of the 
UASB when operated at fixed HRT. For TSS and VSS, the average removal 
efficiencies were 42% and 44%, respectively, during the 6 hr HRT period (Table 13). 
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The TSS and VSS decreased to 25 % and 28%, respectively, for the 4 h HRT period. 
While the tCOD decreased from about 40.5% at 6 h HRT to 27.8% at 4 h HRT. The 
average sCOD removal efficiency was found to vary slightly, dropping from 47% to 
about 42%. Despite the reduction in removal efficiencies, average biogas production 
observed at 4 h HRT was comparable to the performance of the reactor operating at 6 
h HRT (fixed) (6.6 L/d).  
Table 14: Biogas production under alternating HRT (4-6h) 
Biogas Production (L/d) CH4 Composition (%) CH4 Production (L/d) 
5 - 8.2 62 - 77 3.8 - 5.5 
6.6 68.5 4.5 
 
The alternating HRT had only destabilized the system by triggering more periodic 
wash out of suspended solids, leading to an overall decrease in the performance of the 
UASB system. The physical separation of the solids was poor but anaerobic activity 
within the UASBs was not significantly affected. 
 
Results of this study demonstrated that when treating domestic sewage, the UASB 
system is robust and capable of maintaining biogas production even under alternating 
HRT conditions. In the case where UASB is combined in an integrated treatment 
system (where post-treatment is applied to the effluent of the UASB), the use of an 
equalization tank can possibly be omitted.  
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4.16 Molecular Weight Distribution 
4.16.1 Molecular Weight Distribution of UASB 1 at 16 h HRT 
 
The molecular weight distributions of the soluble organic compounds in the influent 
and effluent were investigated once UASB 1 was deemed to have reached steady state 
conditions based on UASB 1‘s operating performance. Influent and effluent soluble 
samples were collected and analyzed on the Day 89, 98 and 109. The percentage 
distribution obtained based on the TOC concentrations are shown in Table 15. 
Table 15: Percentage distribution of soluble organic compounds from the influent and effluent of 
UASB 1 at 16 h HRT operation. 




100 & 10 
kDA 
10 & 1 
kDa 




100 & 10 
kDA 




89 6.76% 20.97% 5.11% 67.16% 2.77% 8.44% 2.07% 85.84% 
98 8.87% 7.41% 3.75% 79.97% 2.45% 8.46% 1.62% 86.50% 
109 14.80% 9.10% 0.29% 75.81% 7.44% 2.71% 8.20% 79.83% 








A significant percentage of about 73% of the MW composition of the soluble influent 












































>100 kDa 100 & 10 kDA 10 & 1 kDa < l kDa
(a) (b) 
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the soluble influent was found to have MW greater than 100 kDa.  After treatment in 
the UASB, the percentage composition of this portion was reduced to about 5.3%.  
This decrease can be explained since when organic matter are being degraded in the 
reactor into simpler products, the MW of the compounds should also decrease. This is 
supported by evidence from the analysis as the average percentage of the soluble 
effluent with MW less than 1 kDa was found to increase by about 10% compared to 
the percentage composition from the soluble influent before treatment. The 
percentage composition of the influent with MW between the range of 1 and 100 kDa 
was found to be insignificant.  For soluble compounds with MW ranging from 10 to 
100 kDa, the average composition was about 12%. MW of compounds which ranged 
between 1 and 10 kDa consisted about 2.3%. 
 
4.16.2 Molecular Weight Distribution of UASB 1 at 8 h HRT 
The HRT of UASB 1 was subsequently reduced to 8 h and operated for about 60 days 
before steady state was observed. The influent and effluent soluble organics were 
extracted on Days 70, 77 and 84. Results of the organic MW fractionation are 
summarized in Table 16. The soluble influent composition did not change much, with 
compounds of MW less than 1 kDa still forming the major composition of the 
organics in the wastewater at an average of 60.6%.  
Table 16: Percentage distribution of soluble organic compounds from the influent and effluent of 
UASB 1 at 8 h HRT operation. 




100 & 10 
kDA 
10 & 1 
kDa 




100 & 10 
kDA 




70 4.63% 8.35% 31.38% 55.63% 1.25% 10.56% 31.43% 56.24% 
77 11.49% 6.21% 1.84% 80.46% 0.39% 2.11% 35.26% 62.06% 
84 10.78% 12.46% 31.13% 45.62% 1.63% 0.00% 22.66% 75.30% 
Ave. 8.97% 9.01% 21.45% 60.57% 1.09% 4.22% 29.78% 64.54% 
 






Figure 32: Molecular Weight Distribution (%) of (a) influent and (b) effluent of UASB 1 at 8 h 
HRT operation. 
 
It was observed that the percentage of organic compounds with MW greater than 100 
kDa had decreased significantly (Figure 32), reducing to an average of 1.1% 
compared to 5.6% when the reactor was running at an HRT of 16 h. As the hydraulic 
retention time was reduced, the organic loading rate had increased. There was thus 
more substrate for the microbial populations to utilize for growth. This could thus lead 
to an overall better anaerobic reactions. Although there were no significant increase in 
the MW for compounds less that 1kDa, the percentage composition of the soluble 
effluent with MW between 1 and 10 kDa had increased to 30% compared to a mere 
3.5% when the reactor was operating at 16 hrs HRT. This may be because these 
organic compounds could not be fully degraded under shorter HRT. 
 
4.16.3 Molecular Weight Distribution of UASB 2 at 6 h HRT 
UASB 2 at 6 h HRT was operated for about 90 days before steady state was achieved. 
Soluble samples were than extracted on Days 93, 100 and 107 for organic MW 
fractionation. The results are shown in Table 17, calculated based on the TOC 












































>100 kDa 100 & 10 kDA 10 & 1 kDa < l kDa
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UASB 1. MW percentage of organic compounds in the soluble effluent greater than 
100 kDa was found to be at an average of 2%. The MW size distribution also showed 
that about 80% of the organic molecular compounds were less than 1 kDa. This 
suggested that degradation rate was much better when the UASB was running at 6 h 
HRT compared to the system running at 8 h HRT. While the organic compounds in 
the range of 1 to10 kDa could be degraded relatively faster, it must be noted that the 
percentage composition of the organic compounds between 10 and 100 kDa had in 
fact increased to 9.3%. For the 8 h HRT UASB 1 on the other hand, this percentage 
for organic compounds between 10 and 100 kDa was only about 4.2%.  
Table 17: Percentage distribution of soluble organic compounds from the influent and effluent of 
UASB 2 at 6 h HRT operation. 




100 & 10 
kDA 
10 & 1 
kDa 




100 & 10 
kDA 




93 4.63% 8.35% 31.38% 55.63% 3.58% 3.17% 0.16% 92.15% 
100 11.49% 6.21% 1.84% 80.46% 2.45% 14.16% 20.35% 62.30% 
107 10.78% 12.46% 31.13% 45.62% 0.00% 10.57% 4.91% 84.51% 









This trend seems to suggest that at shorter HRT, the microbes were still effective in 
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than 10 kDa, there was insufficient time for them to be degraded and the organic 
compounds were washed out of the system (Figure 33).  
 
4.16.4 Molecular Weight Distribution of UASB 2 at 4 h HRT 
UASB 2 was allowed to operate till steady operating performances were observed. 
Samples of the soluble portion of influent and effluent were taken for organic MW 
fractionation studies on Days 20, 27 and 35. The effluent concentration with 
percentage less than 1 kDa was found to have decreased, at an average of 46% (Table 
18). The percentage distribution for organic compounds with molecular weights 
greater than 100 kDa was 8.4% which was not significantly different compared to the 
soluble influent portion which was at an average of 8.5%.  
Table 18: Percentage distribution of soluble organic compounds from the influent and effluent of 
UASB 2 at 4 h HRT operation 




100 & 10 
kDA 
10 & 1 
kDa < l kDa 
>100 
kDa 
100 & 10 
kDA 




20 12.64% 6.32% 33.36% 47.68% 1.01% 15.99% 31.22% 51.63% 
27 7.80% 12.66% 34.52% 45.02% 17.95% 6.67% 28.40% 46.25% 
35 5.03% 9.94% 69.61% 15.41% 6.30% 9.11% 41.87% 39.92% 


















































>100 kDa 100 & 10 kDA 10 & 1 kDa < 1 kDa
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The percentage composition of soluble effluent with MW lesser than 1 kDa had not 
increased significantly in this case (Figure 34).  The reduction in HRT may have 
further imposed a strain on the biological degradation process since the retention time 
for degrading the organic matter had been decreased by 2 hrs. Conversely, due to the 
relatively higher organic loading at 4 h HRT compared to the loading at 6 h HRT, the 
organic matter thus could not be broken down in time by the anaerobic bacteria before 
leaving the UASB. This observation provided a strong evidence to suggest that the 
UASB was no longer able to handle the organic loading imposed at the HRT lower 
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4.17 Investigation on Anaerobic Sludge Stability 
 
The stability of the anaerobically digested sludge can be assessed by analyzing its 
volatile solids reduction (VSR). For sludge digestion, this has long been a basic 
measure of the extent of stabilization that has been achieved. 
 
The criterion was based on Option 2 in the Part 503 rule (Micheal et al., 2002) for 
vector attraction reduction (VAR). If less than 17% additional volatile solids loss 





could be achieved, the anaerobically digested sludge could be considered to haven 
met VAR. 
 
4.17.1 Results and Discussion 
The results of volatile solids reduction of digester sludge obtained from UPWRP are 
summarized in Table 19. The FVSR calculated by VK and MB methods were 9.3% 
and 13.1%, respectively, which fell below 17% and met the criteria set by USEPA.  
The ratio of VK/MB calculated was about 0.8 which meant that there was low fixed 
solids loss and the MB method was a better determinant factor. The standard variation 
was between 0.32 to 0.39%. This indicated low error. Sample 5 from Day 20 test was 
erroneous and thus omitted from the calculations. The results revealed that the sludge 
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Table 19: Summary of FVSR results by VK and MB methods for UPWRP digester sludge 
 
UPWRP Digester Sludge (TVS/TS) VK MB VK/MB 
 Sample Feed 20 day 40 day FVSR FVSR  
1 0.6753 0.6842 0.6283 18.72% 35.44% 0.53 
2 0.6697 0.6539 0.5852 30.40% 38.01% 0.80 
3 0.6684 0.5450 0.6475 8.85% 18.77% 0.47 
4 0.6643 0.5789 0.6427 9.09% 11.02% 0.82 
5 0.6721  0.6488 9.88% 9.38% 1.05 
Mean 0.6682 0.5620 0.6463 9.3% 13.1% 0.78 
SD 0.0039 0.0240 0.0032    
       
 
Table 20: Summary of FVSR results by VK and MB methods for sludge at 16 h HRT. 
 
HRT = 16 h (TVS/TS) VK MB VK/MB 
 Sample Feed 20 day 40 day FVSR FVSR  
1 0.6426 0.6289 0.5965 17.77% 32.45% 0.55 
2 0.6571 0.6423 0.5870 25.84% 27.90% 0.93 
3 0.6507 0.6414 0.5846 24.46% 30.88% 0.79 
4 0.6748 0.6422 0.5988 28.08% 33.99% 0.83 
5 0.6697 0.6318 0.6000 26.03% 30.69% 0.85 
Mean 0.6631 0.6394 0.5926 26.10% 30.86% 0.85 
SD 0.0111 0.0051 0.0079    
       
Table 21: Summary of FVSR results by VK and MB methods for UASB sludge at 8 h HRT. 
 
 
HRT = 8 h (TVS/TS) VK MB VK/MB 
 Sample Feed 20 day 40 day FVSR FVSR  
1 0.6667 0.6277 0.5766 31.91% 32.92% 0.97 
2 0.6661 0.6110 0.5741 32.44% 37.84% 0.86 
3 0.6612 0.6221 0.6004 23.01% 32.27% 0.71 
4 0.6603 0.6117 0.6053 21.10% 22.31% 0.95 
5 0.6644 0.6125 0.6049 22.68% 25.38% 0.89 
Mean 0.6620 0.6155 0.6035 22.3% 26.7% 0.85 
SD 0.0022 0.0058 0.0027    
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Table 22: Summary of FVSR results by VK and MB methods for UASB sludge at 6 h HRT. 
 
HRT = 6 h (TVS/TS) VK MB VK/MB 
 Sample Feed 20 day 40 day FVSR  FVSR    
1 0.7032 0.6596 0.6394 25.16% 23.00% 1.09 
2 0.7038 0.6594 0.5947 38.27% 33.09% 1.16 
3 0.6960 0.6518 0.6271 26.54% 29.12% 0.91 
4 0.6985 0.6447 0.6193 29.80% 24.71% 1.21 
5 0.6988 0.6366 0.6047 34.09% 34.09% 1.00 
Mean 0.6993 0.6520 0.6286 27.2% 25.6% 1.07 
SD 0.0037 0.0075 0.0102    
       
 
Table 23: Summary of FVSR results by VK and MB methods for UASB sludge at 4h HRT. 
 
 
HRT = 4 h (TVS/TS) VK MB VK/MB 
 Sample Feed 20 day 40 day FVSR  FVSR  
  
1 0.6494 0.6203 0.6266 9.42% 12.39% 0.76 
2 0.6485 0.6152 0.6000 18.71% 9.03% 2.07 
3 0.6508 0.5958 0.6130 14.98% 6.00% 2.50 
4 0.6522 0.5822 0.5727 28.50% 28.12% 1.01 
5 0.6719 0.5909 0.5607 37.67% 27.68% 1.36 
Mean 0.6621 0.5865 0.5667 33.1% 27.9% 1.19 
SD 0.0140 0.0062 0.0085    
       
 
Sludge samples taken from UASB sludge blanket at sample port 1 showed different 
results. Generally at 16, 8, 6 and 4 h HRTs, the FVSR calculated all exceeded the 
criterion of less than 17% FVSR reduction. The results of the FVSR calculated under 
different HRT are summarized in Table, 20, 21, 22 and 23 respectively. From the 
results, the MB method was considered a better measure of sludge stability based on 
the higher VK/MB ratio. The FVSR found for the anaerobic sludge were similar and 
varied from 26.7% and 30.9%. This could be due to higher microbial activity and 
better mixing in the UASB reactor. As granules started to develop, the increased in 
Chapter 4: Results and Discussion 
 
130 
biomass concentration led to subsequent increased in methanogenic activity. Even 
though the anaerobic sludge sample taken from the UASB was initially unstable due 
to high microbial activity, the organic content of the sludge taken from the UASB 
decreased greatly after 40 days. The VSS/TSS ratio dropped to 0.56 – 0.6 after 40 
days compared to the digester sludge from UPWRP which remained at an average of 
0.65. 
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4.18 Extra-cellular Polymeric Substances: Protein and 
Carbohydrates 
 
EPS are sticky substances secreted by cells and are generally known for their binding 
properties in biofilms structures. Due to its position and chemical characteristics, the 
EPS materials may affect and have an impact on the properties of the bacterial flocs 
and help to adhere and connect the flocculent sludge particles together, gradually 
leading to the formation of granule particles.  There had also been reports mentioned 
in Chapter 2 which suggests EPS are crucial for granulation in UASB reactors. In 
order to reveal the mechanism leading to the development of granular sludge from 
flocculent sludge, the contents of polysaccharides were extracted for analysis. In the 
current study, once steady state was achieved in the UASB reactor, the sludge sample 
were taken from Sample Ports 1, 4 and 9, respectively, and analyzed for EPS: protein 
and carbohydrates content at different HRTs. The results are presented in Table 24.  
Table 24: EPS - protein and carbohydrate concentrations of sludge (mg/L) from ports 1, 4 and 9 
from UASB 1 at 16 h and 8 h HRTs operation. 
 16 h HRT  8 h HRT 
Composition Port 1  Port 4 Port 9 Composition Port 1  Port 4 Port 9 
Protein 
301.7 300.0 207.8 
Protein 
131.6 180.0 73.5 
242.6 172.2 177.4 127.7 238.1 92.9 
285.6 192.0 127.2 183.9 271.0 81.3 
mean 276.6 221.4 170.8 mean 147.7 229.7 82.6 
Carbohydrates 
109.3 104.2 54.2 
Carbohydrates 
97.5 143.3 98.3 
121.2 79.2 84.0 102.5 151.7 78.3 
103.5 76.5 61.5 122.5 178.3 65.0 
mean 111.3 86.6 66.6 mean 107.5 157.8 80.6 
 
It was found that as the height of the reactor increases, the EPS content generally 
decrease. This could be related to the overall biomass concentration of biomass in the 
UASB. Since the biomass concentration was higher near the bottom of the reactor, the 
amount of EPS secreted by the micro-organism would also tend to be higher as well.    
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This could be related to the concentration of biomass in terms of VSS concentration. 
It was found that at 16 h HRT, at Sample Port 4, the average VSS was 12 g/L but at 8 
h, which provided a higher OLR, the sludge concentration increased to an average of 
20 g/L. The higher concentration of this biomass, together with the increase in organic 
loading, may have led to higher anabolic activity by the anaerobic microbes into 
excreting more EPS, which gradually leading to the formation of granular sludge. On 
the other hand, when the OLR was low, insufficient EPS were produced for the sludge 
particles to bind or attached together, thus explaining why granules were not observed 
at 16 h HRT.  This finding is similar to the results reported by Zhou et al. (2006) 
indicating the detection of granular aggregates as the EPS content stepped up. 
 
In contrast, at Port 9, there was little increase in EPS concentration (Table 24). This is 
logical since most anaerobic reactions should occur at the sludge blanket compared to 
the solids capture zone near the top of the reactor.  The protein concentration in fact, 
was found to decrease, from 174 mg/L to 73 mg/L. On the other hand, the 
carbohydrates content increased as the HRT decreased from 16 h to 8 h. This was 
significantly observed in sludge samples drawn from sample port 4. The average 
carbohydrate concentration in the sludge sample almost doubled from 87 mg/l to 158 
mg/L . Results from the experiments also revealed that granular sludge composed of 
more proteins than carbohydrates. This was similar to the granule characteristics 
reported by Eric et al. (2007), which was fed with glucose at an organic loading rate 






For UASB 2, the sludge samples were also taken when steady state for the reactor was 
deemed to be reached at 6 h and 4 h HRT. The results are shown in Table 25. 
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Table 25: EPS - protein and carbohydrate concentrations of sludge (mg/L) from ports 1, 4 and 9 
from UASB 2 at 6 h and 4 h HRTs operation. 
 6 h HRT  4 h HRT 
Composition Port 1  Port 4 Port 9 Composition Port 1  Port 4 Port 9 
Protein 
268.2 245.7 161.4 
Protein 
168.0 234.0 80.1 
343.2 273.9 168.9 282.0 339.9 108.0 
346.8 470.7 245.7 390.0 434.1 117.9 
mean 319.4 330.1 192.0 mean 280.0 336.0 102.0 
Carbohydrates 
66.3 61.8 43.8 
Carbohydrates 
60.6 89.7 36.3 
90.3 76.2 42.0 108.6 128.4 35.1 
67.2 85.2 71.7 122.4 158.7 32.1 
mean 74.6 74.4 52.5 mean 97.2 125.6 34.5 
 
The protein and carbohydrates concentrations generally increased as the HRT was 
reduced from 6 h to 4 h HRT apart for sludge from Sample Port 9. As mentioned, the 
decreased in protein as well as carbohydrate may be related to the nature of sludge 
trapped region. At the settling zone, the biomass could be less active due to low 
concentration and poor mixing. The carbohydrates content also increased when the 
HRT was reduced. The most significant change was again at Port 4, which increased 
from 74 mg/L to 126 mg/L. This could be caused by the increase in OLR. This 
increase in carbohydrates concentrations could be one of the key factors leading to 
granulation since they possessed the ability to sustain the acidogens which in turn 
allowed the methanogens to be developed (Tay et al., 2000). 
 
 
The results from both reactors suggested EPS concentration could play a significant 
role in the development of granules in the UASB reactor. The over supply of 
substrates imposed by higher organic loading when the HRT was reduced led to the 
increased in EPS, protein and carbohydrate production at the sludge blanket zone. 
Hence, slight overloading will promote EPS secretion and is recommended for the 
UASB reactor as one of the means to enhance granulation. 
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4.19 Microscopy  
 
4.19.1 Images of anaerobic sludge along UASB 1 at 8 h HRT 
under steady state conditions 
Microscopic images of the sludge samples were taken during steady state. Sludge 
samples of 20 ml each were collected from the sampling ports located at different 
heights of the UASB reactor. The samples were diluted with soluble effluent as the 
initial sludge sample collected was too thick for viewing. Soluble effluent was used 
instead of distilled water to maintain similar chemistry with the sludge sample to 
avoid disturbance and distortion to the sludge matrix. 
  
  
Figure 35: Photomicrographs of the sludge samples taken from UASB 1 at Sampling Port 1 (the 
lowest sampling port): (a) Dispersed sludge particles, (b) Flocculated sludge particles possibly 
formed by bridging of particles, (c) Irregular and broken granular particles. (a) – (c) bar scale 
represents 300 µm (d) Overview of sludge sample with bar scale of 2 mm. 
(a) (b) 
(c) (d) 
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From Figure 35, it was observed that the anaerobic sludges at the bottom of the 
reactor were largely flocculent rather than granular in nature. This could be caused by 
the mixing of sludge with the influent flow which was located at the bottom of the 
reactor. Most of the sludge particles appeared flaky and significant amount of grit 
material was observed. Few granules were noted and those found were either irregular 
in shape or appeared broken. At this region, the hydrodynamic forces could also be 
the most turbulent as it coincided with the region when the influent entered the UASB. 
The particles could be subjected to higher shear forces which resulted in the floc 




Figure 36: Photomic`rographs of the sludge samples taken from UASB 1 at Sampling Port 2: (a) 
Flocculated sludge particles, (b) Close up of a granule particle with 2 vents possibly for release of 
biogas produced, (c) Densely flocculated sludge. (a) – (c) bar scale represents 300 µm  (d) 
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Granular sludge was first observed in the sludge samples obtained from Sample Port 2. 
Figure 36(b) shows a close up on a typical granule characteristic with vents or air 
ports possibly to allow the release of biogas. Other sludge particles were found to be 
more densely flocculated compared to sludge taken from Sampling Port 1. Figure 36 
(c) shows an image of a dense floc. This could likely be a granule that was partially 
formed. According to the spaghetti theory of granulation, the long chains of organic 
material act as the binding mechanism. With time and under hydrodynamic conditions, 
the sludge flocs become more compact and this became a better environment for 
bacteria to thrive. As time progresses, the sludge flocs become more compact and 
different organisms can be found living in such close proximity. Filamentous portions 
of the floc-granule hybrid were eventually sheared off or incorporated forming the 
smooth granule surface as seen in Figure 36(b). However, short fragments remained 
on the surface which could have aid in the capture of substrates by increasing surface 
area. This gave the granule a slightly ‗furry‘ look. Biogas-forming organisms were 
suspected to be in the inner layers of the granule where the substrates required by 
these organisms were found more in abundance compared to the bulk liquid 
environment.  
 
More granules were observed in Sampling Port 3, 4 and 5, and were predominantly 
black or dark brown. The VSS concentrations of the anaerobic sludge were usually 
the highest (about 20 g/L) at these heights. The colour may be caused by the presence 
of residual metal suiphide (which are mostly black). At this sludge blanket zone, 
granules of various shapes and sizes were noted in abundance. It is interesting to see 
that most granules observed were more oval than circular.  There were presence of 
flocs but the percentage of granular particles in general had increased.  





Figure 37: Photomicrographs of the sludge samples taken from UASB1 at Sampling Port 3: (a) 
round granules with filament material on the surface. (b) chucky sludge particles possible caused 
by the effect of sludge agglomeration. (c) broken granule together with a well-formed granule. (a) 
– (c) bar scale represents 300 µm  (d) overview of sludge sample with bar scale of 2mm. 
 
It was observed that granules of different shapes and sizes could be formed (Figure 
37(a) and 37(b)). Broken granules were also observed especially on larger granules 
with diameter more than 1 mm in Figure 37(c). This phenomenon could be caused by 
starvation especially in low strength wastewaters. As the size of granules increased, 
the mass transfer efficiencies of substrates within the granules also decreased and the 
inner core might not have received sufficient nutrients for maintenance. The biomass 
attached might not have enough substrates for continual growth, using the available 
biomaterial in the matrix (EPS) for sustenance, and this might had affected the 
structural stability and ultimately lead to granule disintegration. 
(a) (b) 
(c) (d) 





Figure 38: Photomicrographs of the sludge samples taken from UASB 1 at Sampling Port 4: (a), 
(b) and (c) Close up view of circular and angular granule well formed and of various sizes. (d) 
Overview of sludge sample with bar scale of 2 mm. 
 
Inorganic grit material (e.g. fine sand particles) was also a common feature noticed on 
the granule surface on close up view under the microscope as shown in Figure 38(b) 
and 39(c). These were common in domestic wastewater (influent sewage) entering the 
UASB as they passed through the 2 mm sieve screen. The presence of these materials 
suggested that they could be an essential ingredient in granule formation that 
functioned as a platform for biomass to attach and grow. This would create an 
environmental niche allows a microbial community to be formed, where the 
organisms can thrived. 
(a) (b) 
(c) (d) 






Figure 39: Photomicrographs of the sludge samples taken from UASB 1 at sampling port 5: (a), 
(b) and (c) Close up view of angular granules. (a) – (c) bar scale represents 300 µm (d) Overview 
of sludge sample with bar scale of 2 mm. 
 
A significant decrease in granule particles was observed from Sample Ports 6 and 7 
(Figure 40(d) and 41(d)). As the height of the reactor increase, particles with greater 
settling velocity decreased since they tend to accumulate at the bottom of the reactor. 
The presence of some good settling granules could be caused by good biogas mixing 
within the reactor which kept the sludge in continuous suspension. Under this 
condition, it was possible that the granules from the bottom of the reactor might be 
periodically shifted upwards along the sludge bed and the sludge blanket. Thus, the 









Figure 40: Photomicrographs of the sludge samples taken from UASB 1 at Sampling Port 6: (a), 
(b) and (c) Close up of oval and egged shaped granules. (a) – (c) bar scale represents 300µm  (d) 
Overview of sludge sample with bar scale of 2 mm. 
 
Generally, the granule size (more than 2 mm) had decreased significantly. This was 
expected since larger granules had greater mass and thus greater settling velocity. At 
this zone, smaller granules with size between 0.2 – 1 mm were more predominantly 
observed. The general shape however, remains largely similar. The granules located 
here tend to be more spherical (Figure 40(a)) than elongated (Figure 41(b)). The 
presence of granules up to Sampling Port 7 gave a strong indication that the sludge 









Figure 41: Photomicrographs of the sludge samples taken from UASB 1 at sampling Port 7: (a), 
(b) and (c) Smaller granular particles being washed. (a) – (c) bar scale represents 300 µm  (d) 
Overview of sludge sample with bar scale of 2 mm. 
 
Sludge obtained from Sampling Ports 8 and 9 showed that the granule size had 
decreased further (Figures 42(d) and 43 (a) - (d)). Close up observation revealed that 
sludge particles were more dispersed. This was expected since particles with poor 
settling properties were continuously washed out of the UASB to the clarifier zone. 
The upflow velocity at this region was lower compared with that in the reactor zone 
due to its bigger surface area. Under such conditions, interactions between sludge 
particles were reduced and this could be a reason why granules were unlikely to be 
formed. Most of the granular particles were less than 1 mm. Close up examination 
showed that these particles did not have a smooth surface unlike a fully formed 
granule (Figure 42(a) - (c)). 
(a) (b) 
(c) (d) 





Figure 42: Photomicrographs of the sludge samples taken from UASB 1 at Sampling Port 8: (a), 
(b) and (c) Granular particles with filamentous surface. (a) – (c) bar scale represents 300 µm  (d) 




Figure 43: Photomicrographs of the sludge samples taken from UASB 1 at Sampling Port 9: (a) 
and (c) Close up of dispersed sludge flocs. (b) Granular particles are broken and not well formed. 
(a) – (c) bar scale represents 300 µm (d) Overview of sludge sample at bar scale 2 mm showing 
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4.19.2 Images of anaerobic sludge along UASB 2 at 6 h HRT 
under steady state conditions 
 
The sludge samples were collected from each sampling port when steady conditions 
have been reached. The same protocol was observed for UASB 2 operating at 6 h 
HRT during microscopic examination. 
 
Similar to UASB 1, the sludge particles at the bottom of the reactor (Figure  44 (a)) 
comprised mostly large and densely flocculated sludge and residues. Some granules 
observed were up to 2 mm in diameter but were mostly non-intact (Figure 44 (c)).  
  
  
Figure 44: Photomicrographs of the sludge samples taken from UASB 2 at Sampling Port 1: (a) 
Dispersed and ‘chunky’ sludge particles. (b) Close up on what look possibly be a partially-form 
granule. (c) Close up on what could be a broken granule. (a) – (c) bar scale represents 300 µm (d) 
Overview of sludge sample with bar scale representing 2 mm. 
(a) (b) 
(c) (d) 




The sludge concentration was also lower which could be caused by dilution from 
influent wastewater.  As the flowrate was considerably higher at 6 h HRT compared 
to 8 h HRT, the volume of wastewater entering the UASB at the bottom was higher. 




Figure 45: Photomicorgraphs of the sludge samples taken from UASB 2 at Sampling Port 2: (a) 
Dispersed sludge and grit particles. (b) Circular sludge particles. (c) Close up surface of a 
circular granule. (a) – (c) bar scale represents 300 µm  (d) Overview of sludge sample with bar 
scale representing 2 mm. 
 
Large well formed granules of up to 2 mm and densely flocculated particles were 
observed in samples obtained from Sampling Port 2 onwards (Figure 45(a)). Inorganic 
was also accumulated in samples from these ports. This was based on the VSS/TSS 
ratio of about 0.6, which was lower compared with that in other sampling ports, 
(b) (a) 
(c) (d) 
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(between 0.7 - 0.9). At this region, the presence of large grit materials could have 
hindered formation of granules by restricting contact between organic particles to 
interact. As a result, more dispersed sludge particles were also seen in the samples 
obtained at this port. This was almost similar to that observed in UASB 1 at Sample 
Port 2 where granules were initially formed.  The number of granules which could be 
visually detected increased in Sampling Port 3. Most of the granules were between 0.5 
– 1 mm in size and bigger granules observed were mainly broken. As mentioned in 
the previous section, this was also observed in UASB 1 and could be related to poor 
mass transfer efficiencies in large granules under low substrate conditions, thereby 
weakening the structure of granules from inside. 
  
  
Figure 46: Photomicrographs of the sludge samples taken from UASB 2 at Sampling Port 3: (a) 
Close up on possible granules that were partially formed. (b) Close up on an elongated granule. 
(c) close up on a circular granule with crack lines. (a) – (c) bar scale represents 300 µm (d) 
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Figure 46 (a) shows a magnified sludge floc which could be a granule in the making 
or could be a granule that was disintegrated. A greater density of granular particle was 
observed which coincided with VSS concentration of 21.8 g/L, (which was the 
highest VSS concentrations found along the UASB). This was a similar observation 
compared with UASB 1. The granular size observed was also significantly larger and 
up to 3 mm in diameter of the granule being seen (Figures 47(d), 48 (d) and 49 (d)). 
  
  
Figure 47: Photomicrographs of the sludge samples taken from UASB 2 at Sampling Port 4 and 
5: (a) Densely flocculated sludge. (b), (c) and (e) Close up on granular particles. (a) – (c), bar 
scale represents 300 µm (d) Overview of sludge sample showing high density of granular particles 











Figure 48: Photomicrographs of the sludge samples taken from UASB 2 at Sampling Port 6: (a), 
(b) and (c) show the close up on various size of granules found. (a) – (c) bar scale represents 300 
µm (d) Overview of sludge sample showing that sludge found were more granular.  
 
Interestingly, granules could be found all the way until Sampling Port 9 where a 
significant change in the sludge composition could be fairly observed (Figure 50 (d) 
and 51 (d)). This accumulation of some granules at the clarifying zone could be 
attributed by periodic wash out of biomass from the reaction zone. Granular particles 
were broken and distorted in shape and size. The suspended solids were seen to 









Figure 49: Photomicrographs of the sludge samples taken from UASB 2 at Sampling Port 7: (a) 
Elongated granules. (b) Close up surface of a granule. (c) Circular granules. (a) – (c) bar scale 
represents 300µm (d) Abundance of granules with diameter of about 2 mm observed. 
 
Similar to UASB 1, this could be the clarifying effect as the sludge moved upwards 
from the reaction zone to the settling zone. Sludge particles which could not settle in 
the reaction zone were being washed upwards. As the surface area of the reactor in the 
clarifying zone increased along the height, the upward velocity of the flow decreases. 
This allowed the suspended particles to settle and prevent them from being washed 
out. The TSS and VSS concentrations at this region varied between 11 - 15 g/L and 
0.5 - 0.7 g/L, respectively. The gradual accumulation of these particles and low upfow 
conditions at the clarifying zone could possibly explain why the concentration of the 









Figure 50: Photomicrographs of the sludge samples taken from UASB 2 at Sampling Port 8: (a) 
Fine dispersed sludge particles. (b) irregular-shape granular particles. (c) Circular granules of 
diameter slightly more than 300 µm. (a) – (c) bar scale represents 300µm (d) Overview of sludge 




Figure 51: Photomicrographs of the sludge samples taken from UASB 2 at Sampling Port 9: (a) 
Dispersed sludge particles. (b) and (c) shows denser flocculated sludge particles due to clarifying 
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4.19.3 Scanning Electron Microscopy (SEM) 
 
SEM images in Figure 52(a) shows diverse groups of micro-organisms in the 
anaerobic sludge of the UASB. Coccoid-like, rod-shaped and helical-long microbes 
which appeared free living were observed in what could be a micro-colony living a 
syntrophic relationship. In anaerobic reactions, the products of one intermediate 
process are often the substrate of another process. For example, the volatile fatty acids 
produced by the acidogens are required by the methanogens as a substrate for the 
production of methane gas. Hence, there are obvious advantages for the 2 groups of 











Figure 52: SEM examination of granular sludge inside the UASB: (a) A consortia of micro- 
organisms showing microbial diversity and anaerobic microbes co-existing possibly in syntrophic 
relationships. (b) Rod-shaped micro organisms found resembling methanosaeta. 
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This diversity could also be attributed indirectly due to the composition of the highly 
complex domestic wastewater taken from UPWRP which was used as feed for the 
UASB. A suitable environment allowed different types of micro organisms to thrive 
and co-exist. SEM microscopy also revealed the presence of rod-shaped micro- 
organisms resembling methanosaeta (Figure 52(b)). These microbes could possibly be 
the dominant species responsible for producing methane gas in the UASB in domestic 
wastewater treatment. 
 
4.19.4 Maximum granule size determination by Image 
Analysis 
Granules were separated from the anaerobic sludge by physical separation technique 
to determine its size by image analysis. Approximately 10 ml of sludge was drawn 
from UASB and diluted with soluble influent. The sludge was then allowed to settle 
for 1 minute. A dropper was subsequently used to remove the supernatant. This step 
removed the suspended solids which could not settle well, leaving only the larger 
particles. This process was repeated a few times until mostly of the sludge remained. 
 
The largest granules from each sample were then carefully taken out with a dropper 
and transferred onto a Petri dish laid with a piece of membrane filter with a 3 mm-grid 
printed on the surface. Figures 53(a) and (b) showed the grab samples taken from the 















Figure 53: (a) and (b): Example of image analysis performed to estimate the elliptical diameter of 
granules taken from the UASB 1 and UASB 2 using ‘KEYENCE ‘digital microscope VHX-500K. 
Grid spacing is 3 mm. Bar scale represents 1 mm. 
 
 
Granules taken from UASB 1 at Sampling Port 4 showed that the elliptical diameter 
ranged between 2.09 – 2.95 mm with the average diameter 2.5 mm. In UASB 2, the 
diameter of the granules ranged between 2.79 – 4.42 mm with an average of 3.3 mm. 
No. Diameter Unit 
1 2.48 mm 
2 2.24 mm 
3 2.72 mm 
4 2.54 mm 
5 2.43 mm 
6 2.95 mm 
7 2.27 mm 
8 2.49 mm 
9 2.65 mm 
10 2.09 mm 
11 2.62 mm 
Mean 2.50 mm 
No. Diameter Unit 
1 3.48 mm 
2 2.94 mm 
3 2.79 mm 
4 4.42 mm 
5 3.68 mm 
6 2.92 mm 
7 3.14 mm 
8 3.89 mm 
9 2.94 mm 
10 2.77 mm 
11 3.32 mm 
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The larger granules found in UASB 2 compared with UASB 1 could be due the larger 
organic loading applied at the 6 h HRT reactor. The higher loading led to an increased 
in substrate and nutrient concentration which could facilitate better microbial activity 
thus leading to the better formation of granular particles 
 
On the other hand, it must be noted that larger granules may exist at the Sample Port 3 
since the upflow velocity applied at the 8 h HRT in UASB1 was smaller compared 
with the 6 h UASB 2.  It was also possible that larger granules exist in other parts of 
the sample port since from micrograph evidence; granules could be found along all 
parts of the reaction zone. While, it was virtually impossible and impractical to count 
all the granules or determine the largest granule, inside the reactor, observations made 
based on micrographs suggested that granular size ranged between 2 – 4 mm could be 
developed in a UASB reactor treating domestic wastewater. 
 
 
4.20 T-RFLP Analysis 
 
4.20.1 TRFLP analysis of granular sludge in UASB 1 at 8 h 
HRT 
 
Figure 54 shows the TRFLP profiling of the Archea community using Alu as the 
restriction enzyme on the sludge obtained at different heights of the UASB operating, 
and at 8 h HRT during steady state conditions. 
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Figure 54: TRFLP fingerprint profile using ARC915 primers on samples along the height of 
UASB 1 at 8 h HRT, obtained from Sample Ports 2, 4, 6, and 8 (top down). The fragment size of 
the Alu digested 16S rRNA gene fragments in nucleotides is represented on the x-axis. 
 
Each peak on the graph could potentially represent a particular species of some micro-
organisms. The dominance of the species could be represented by its intensity. It 
could be seen from the RFLP profiles that the Archea community of the sludge from 
Sample Ports 6 and 8 was almost identical, in terms of both diversity and 
Sample Port 2 
Sample Port 4 
Sample Port 6 
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concentration while the rest of the ports along the height of the UASB had returned 
different community profiles. The difference in microbial profile along the height of 
the reactor could be related to the different substrate availability, along the height of 
the UASB. As the influent entered the UASB from the bottom, the amount of 
substrates and nutrients were probably more abundant which allows microbes to 
thrive. As these type substrates were used up at this region, the microbes above this 
region which depended on these substrates are no longer able to thrive. Other 
microbes which could adapt or utilize the alternate substrates or were previously out-
competed could now thrive, resulting in a shift in microbial population dynamics.   
 
The intensity recorded for sludge obtained from Sampling Ports 2 and 4 were also 
much lower compared to the other ports. The species found at the Sampling Port 2 
and 4 could be the acidogens and acetogens which are responsible for producing 
volatile fatty acids. These microbes were unlikely to be in sampling port 6 and 8 since 
these species must not be dominant as they could lead to ―souring‖ of the reactor. 
Thus, the species at Ports 6 and 8 were more likely to be the methanogens as their 
high dominance was important for stable biogas production which was found in the 
UASB 1. The volatile fatty acids produced at the bottom could then be utilized by the 
methanogens (likely to be peaks with base pair 225 -230) which were found to be 
more dominant at Ports 6 and 8 as the TRFLP data exhibited the same profile, with 
the same base pair numbers.  
 
The bacteria community at Sampling Ports 2, 4, 6 and 8 are shown in Figure 55. 
Compared to the Archea profile, it can be seen that there was greater abundance of 
diversity since more peaks were detected. The number of peaks found in a bacterial 
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community was noticeably more complex compared to the Archea population. This is 
logical since Archea are considered ancient organisms and many are found only under 
extreme environmental conditions. The dominant peaks displayed in the TRFLP 
profile at Sampling Ports 2, 6 and 8 were largely similar which suggest the microbial 
community might be the same. Interestingly, microbes with base pairs between 550 - 
700 region were absent in Sample Port 4 compared to the other ports. One possible 
explanation could be that this group of microbes could have been out-competed by 
either the Archea group with base pairs 120 – 141 found at the same region shown in 
Figure 54 or the bacteria species with fragment size 90 and 111 base pairs as its 
respective intensity recorded was particularly high compared to other ports. 
 
While a shift in microbial dynamics was not found, a shift in relative abundance of 
each species within the community was noted. Figure 55 shows that the intensity of 
bacteria profile decreased significantly as the height of the reactor increased. This 
difference could be related to the sludge concentration found along the height of the 
reactor, which decreased as the height of the reactor increased. By comparing the 
intensities of Archea and Bacteria community from Figure 1 and 2, it can also be seen 
that the microbial population shifted from bacteria dominant to Archea dominant. 
This could be related to a change in the environment. As the reactor height increased, 





), creating better conditions for Archea. 
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Figure 55: TRFLP fingerprint profile using EUB338 primers on samples along the height of 
UASB 1 at 8 h HRT, obtained from Sample Ports 2, 4, 6, and 8 (top down). The fragment size of 
the Alu digested 16S rRNA gene fragments in nucleotides is represented on the x-axis. 
Sample Port 2 
Sample Port 4 
Sample Port 6 
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4.20.2 TRFLP analysis of granular sludge in UASB 2 at 6 h 
HRT 
Figure 56 shows the TRFLP profiling of the Archea community at different heights of 
























































































Figure 56: TRFLP fingerprint profile using ARC915 primers on samples along the height of 
UASB 2 at 6 h HRT, obtained from Sampling Ports 2, 4, 6, 8 (top down). The fragment size of the 
Alu digested 16S rRNA gene fragments in nucleotides is represented on the x-axis. 
Sample Port 2 
Sample Port 4 
Sample Port 6 
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The graph shows a different microbial profile along the height of UASB 2. The 
microbial communities were found to be the same in Sampling Ports 4 and 6 while 
sampling Ports 2 and 8 were found to be dominated by distinctly different microbial 
species. The peak region 228 -230 was also found in UASB 1, operating at a HRT of 
8 h, with strong dominance at peak 6 and 8. This could potentially be the region 
within the UASB where methanogenic species were located and thriving which 
accounted for the amount of methane generated in the biogas.  
 
The difference in HRT between the 2 reactors could have resulted in the re-location of 
this group of microbes along the UASB as it is well known that slight variation in the 
environmental conditions could result in microbial population shift.  As the HRT of 
the reactor decreased, the organic loading increased. Hence, the F/M ratio would 
likely to increase. The presence of certain substrates may thus have created a different 
environment which resulted in the flourish of other species.   
 
The populations of the bacteria community at 6 h HRT in UASB 2 are shown in 
Figure 57. Compared to UASB 1, a similar microbial community was found 
throughout the reactor. However, the intensities of the profiles vary and generally 
decreased with height along the reactor.  This was similar to what was found at UASB 
1. This could be due to substrate limitation since a higher concentration of organics 
was found at the bottom of the reactor and gradually decrease along the height of the 
UASB. The nature of this group of bacterial species was likely to be a variety of 
hydrolytic bacteria which were responsible for breaking down the insoluble 
suspended solids into soluble form for further digestion by the anaerobic microbes. 
 






























































































































Figure 57: TRFLP fingerprint profile using EUB338 primers on samples along the height of 
UASB 2 at 6 h HRT, obtained from Sampling Ports 2, 4, 6 and 8 (top down). The fragment size of 
the Alu digested 16S rRNA gene fragments in nucleotides is represented on the x-axis. 
Sample Port 2 
Sample Port 8 
Sample Port 4 












4.21 F.I.S.H Analysis 
Imaging using FISH techniques to obtain images of clarity prove to be challenging as 
the microorganisms are often trapped between layers of thick anaerobic sludge and 
difficult to separate into a homogenous mixture even at higher vortex speed. To 
counter this problem, the fixed sludge needed to be diluted and spread over on the 
glass slides. Figures 58(b) and 59(b) showed the epi-fluorescence images of rod-
shaped bacteria stained with FITC labelled EUB338 (green) oligonucleotide probe 
while Figures 58(a) and 59(a) showed the same sludge stained with DAPI (blue), 
which stains all DNA material and does not target any specific kingdom/phyla. As 
such, it acted as a control to confirm that the probes were bound to genetic materials 
as well.  
 
Figure 58: Epi- Fluorescence images of UASB granular sludge showing FISH results with FITC –
labeled EUB 338 oligonucleotide probe. (a) DAPI staining (b) Bacterial cells stained with EUB338 








The blurred portion highlighted in white circles could be attributed to the concentrated 
bacterial cells that were at a different layer within the granular sludge and could not 
be focused using the microscope. It could also be due to unspecific binding of the 
probe onto inorganic portion of the sludge material. The fluorescence emitted by the 





Figure 59: Epi- Fluorescence images of UASB granular sludge showing FISH results with FITC –
labeled EUB 338 oligonucleotide probe. (a) DAPI staining (b) Bacterial cells stained with EUB338 
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It can also be seen in Figure 59 (b) that bacteria cells stained with EUB338 probe 
DAPI staining has a lower cell count compared to Figure 59(a). This suggested that 
not all cells in this community belonged to the Bacteria Kingdom as other types of 
microbes were also present due to the nature of the sludge matrix. Some of the cells 
could be Archea, which could be present given the anaerobic conditions imposed. 
This was verified in the subsequent tests where Archea probe was introduced. 
     
 
     
 
Figure 60: Epi-fluorescence images of UASB granular sludge showing FISH results with CY-3- 
labelled ARC915 oligonucleotide proble . (a) and (c) DAPI staining (b) Cooci-shaped and (d) 
Rod-shaped Archea cells stained with ARC915 probe. Bar scale indicates 10 µm 
Figure 60 shows the epi-fluorescence images of the Archea cells stained with CY-3-
labelled ARC915 (red) probe were detected in the UASB granular sludge. Two types 
of shapes were observed in the UASB sludge samples: (b) cocci and (d) rod-shaped 
which most likely belonged to the methanogenic species. It was also observed that 
Archea cells were smaller compared to bacterial cells. The results obtained from FISH 
(a) (b) 
(c) (d) 
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complements and support the results of TRFLP analysis as both Archea and Bacteria 









From this research study, various conclusions can be drawn and will be presented in 
this section. Based on the results obtained and the observations made during this 
period, the following specific conclusions can be drawn from the work. 
 From the results of the performance of the UASB at 16, 8, 6 and 4 h., the 
operating HRT which gave the best performance in terms of suspended solids 
and organics removal was 16 h but the biogas production was found to be the 
lowest at 4.3L/d. Based on this study and reactor configuration,  
 the optimum operating HRT found was between 6 to 8 hrs where the highest 
biogas production of between 6.9 - 7.6 L/d  
 Granules up to 5 mm were obtained and the average diameter ranged from 2.5 
– 3.3 mm. The alkalinity (302 – 324 mg CaCO3/L) present in the wastewater 
was found able to provide a sufficient buffering capacity to the VFA produced. 
No external dosing of alkaline was thus required throughout the study. This 
could further reduce the operating cost for domestic wastewater treatment. 
 The biogas composition generated comprises, on average, 70% CH4, 5% 
carbon dioxide, and less than 1% H2S. 
 The UASB was able to achieve 49 – 53% of sulphate (SO4) removal on 
average, while showing negative removals for nitrogen, phosphorus and 
ammonia at 16, 8, 6 and 4 h HRT.  
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 At 6-8 h HRTs, the average solids and organics removal efficiencies were 
ranging from 50-60%. The relatively low removal efficiency was strongly 
related to the failure of the system to capture and hydrolyze the small 
suspended solids as the organic loading rate increases as the HRT lowers..  
 When alternating HRT of 4 and 6 hrs was applied over a 12 hour interval per 
day, results show that this did not destabilize the anaerobic reactions in the 
UASB and the daily biogas production was not significantly affected. A tCOD 
removal of 40.5% was achieved which was higher, compared to 36% when the 
reactor running at a fixed HRT of 4hrs. 
 The results of volatile solids reduction test showed that anaerobic sludge did 
not fulfil the requirements of less than 17% volatile solids reduction based on 
White House Document (USEPA, 1992). This could be due to the high 
specific methanogenic activity present in the UASB sludge. 
 Fractionation of UASB effluent suggested that more organic compounds with 
apparent molecular weights between 10 and 100 kDa were produced or 
remained untreated at lower HRT.  The percentage of organics with molecular 
weight smaller than 1 kDa also decreased significantly from 83% at 16 hrs 
HRT to 46% at 4 hrs HRT. 
 Microscopic examination and TRFLP analysis revealed diversity in the 
archaea and bacteria microbial communities existing possibly in a syntrophic 
relationship. Rod-shaped micro organism resembling methanosaeta were 
found.  
 Analysis of extra-cellular polymeric substances (EPS) content (protein and 
carbohydrate) in the anaerobic sludge showed a decrease as the height of the 
reactor increase which could be related to biomass concentration and activity. 
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The protein concentration was also found to be generally higher than the 
carbohydrate concentration.  
To recap, the purpose of adopting the UASB for this research is that such systems had 
been successfully applied for treating high strength industrial effluents particularly 
from distilleries, pulp and paper, tanneries and food processing industries. Advantages 
of this technology such as insignificant energy consumption, low O&M cost and 
recovery of significant amount of bio-energy are evident especially for high organic 
loads. The financial attraction is further amplified due to the possibility of electricity 
generation from the consistent production of fairly large quantities of biogas from 
industrial effluents. Lower skill requirement and sludge production are also other 
features of this system which makes the UASB even more attractive to a certain 
extent. 
 
While some of the advantages of the system have been verified (most notably the 
successful cultivation and formation of anaerobic granules), from a research point of 
view, however, it is important to be objective and discuss some limitations found in 
this study. The negative impacts should be taken into consideration when selecting the 
UASB reactor for treatment of municipal wastewater. 
 
5.1.1 Limitations of using the UASB solely for treating 
sewage 
When this technology is applied on sewage treatment (BOD5 between 200-300mg/L) 
for this research study, experimental results revealed various drawbacks and 
limitations which need to be overcome. Some unique advantages mentioned 
previously become less convincing for various reasons. The applicability of the 
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UASB reactor as a sole treatment process for municipal wastewater treatment or low 
strength wastewater seem to present more disadvantages than the upfront advantages. 
The issues are mainly related to effluent quality, effluent suitability for disinfection, 
requirement for secondary treatment, power generation and resource recovery. The 
case has also been extensively studied in India, especially Kanpur region. Under the 
Yamuna Action Plan, 16 UASBs based STPs (Sewage Treatment Plants) were 
constructed in Hayrana and UP towns with combined treatment capacity of almost 
600MLD. Considerable experience and data obtained all point in the other direction. 
 
5.1.2 Effluent quality 
At the optimum operation of either 6 and 8hrs HRT for this study, the average total  
BOD5 of the effluent was 67mg/L  and 80 mg/L which fails to meet the discharge 
standards of 20mg/L in the Singapore context. Thus second stage aerobic treatment 
system is required.  
 
The actual yield obtained from this study was at highest; 0.25 L/g of COD removed 
with the highest average reaching 0.157 L/g of COD removed which was about 48% 
of the theoretical value (0.35 L/g of COD removed).   
 
5.2 Recommendations 
Through this study, it has been found that the poor suspended solids capture or 
retention in the UASB reactor under low HRTs had prevented the system from 
achieving a good performance when treating sewage. The small suspended solids, 
washed out from the system, contributed much to the effluent TOC, COD and BOD5. 
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The high upflow velocity imposed limits the hydrolysis process and thus reduced the 
potential for further anaerobic treatment. Possible modifications and further 
investigations are suggested to enhanced removal of these small suspended solids. 
 
 
5.2.1 Integrating UASB with post treatment systems 
 
This pretreatment step removes a part of suspended solids and organic materials. 
Hence, sludge generation from the aerobic process will subsequently be lower than 
compared to treating wastewater using full aerobic process. The total volume and thus 
land requirements for an anaerobic-aerobic system will be much smaller than full 
aerobic treatment. 
 
There is no longer a need for a sludge stabilization unit; the excess aerobic sludge can 
be channelled back to the UASB for digestion. By reducing the organic loading on the 
downstreatm aerobic process, the oxygen requirements for treatment will also be 
reduced. To add on, biogas produced can be harnessed to produce electricity.  This 
will lead to significant energy savings. 
 
In a way, post treatment also compliments the various short-comings of a UASB 
system, most notably the overflow or washout of suspends solids under low HRT 
conditions and shock loading. This integrated system forms a formidable partnership 
as energy can be derived from treatment while the effluent quality can be maintained. 
 
Should aeration be too expensive option, even a simple clarifier should be installed as 
it will help to improve the effluent quality as the washout from the reactor will be 
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contained. Preliminary investigation on the granular sludge from UASB 1 and UASB 
2 showed that the SVI was 46 and 41 ml/g. According to Metcalf and Eddy (2004), 
sludge with SVI of less than 100 is considered good settling sludge. Due to 
granulation, the wash out biomass from the UASB can easily settled in a clarifier and 
recycled back into the UASB. The result is effluent with lower solids and organic 
concentrations. 
5.2.2 Filter media 
The presence of the filter media such as powered activated carbon may act as 
additional inert seed material for microbes to attach more readily and enhance the 
formation of granules. This may reduce the start up time of the UASB reactor. The 
filter media may also help to trap the suspended solids as it moves up the UASB. This 
may a play a part to improve the suspended solids removal efficiency. The powered 
activated carbon will initially also help to improve soluble organics by adsorption. 
 
5.2.3 Membrane 
Anaerobic membrane bioreactors (anMBR) have been the subject of popular research 
in recent years due to its capability of providing high quality effluent consistently. 
Fouling may be reduced by the scouring effect of biogas that is produced by anaerobic 
reactions from the granular sludge. 
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5.2.4 Clone library to determine the microbial community in 
the anaerobic granule 
A clone library study could provide further insight on the specific types of micro-













Ahn Y.H. (2000). Physicochemical and microbial aspects of anaerobic granular 
pallets. J. Environ. Sci. Health A 35; 1617–1635. 
 
Ahn Y.H., Song Y.J, Lee Y.J, Park S. (2002).  Physicochemical characterization of 
UASB sludge with different size distributions. Environ. Technol., 23; 889–897. 
 
Aiyuk S., Forrez I., Lieven D.K., Haandel A.V., Verstraete W. (2005). Anaerobic and 
Complementary treatment of domestic sewage in regions with hot climates- A 
review, Bioresource Technol, 97; 2225-2241. 
 
Alphenaar P.A., Sleyster R., de Reuver P. (1993). Phosphorus requirement in high-
rate anaerobic wastewater treatment. Water Res. 27; 749–756. 
 
Amann, R., W. Ludwig, and K.-H. Schleifer. (1995). Phylogenetic identification and 
in situ detection of individual microbial cells without cultivation. Microbiol Rev., 
59;  143-169. 
 
Angelidaki I., Ahring B.K. (1993). Thermophilic anaerobic digestion of livestock 
waste: effect of ammonia. Appl. Microbiol Biotechnol, 38; 560–564. 
 
APHA 2005. Standard Methods for the Examination of Water and Wastewater, 21th 
edition. American Public Health Association, Washington, DC. 
 
Artola A, Balaguer M.D., Rigola M. (1997). Heavy metal binding to anaerobic sludge. 
Water Res. 31; 997–1003. 
 
Avaniss-Aghajani, E., Jones, K., Holtxmann, A., Aronson, T., Glover, N., Boian, M., 
et al. (1996) Molecular technique for rapid identification of Mycobacteria. J. Clin 
Microbiol, 34; 98-102. 
 
Banik, G. C., Ellis T. G., and Dague R. R. (1997). Structure and methanogenic 
activity of granules from an ASBR treating dilute wastewater at low temperatures. 
Water Sci. Technol, 36;149–156. 
 
Barbosa R. A., Sant‘ Anna Jr G. L. (1989). Treatment of Raw Domestic Sewage in an 
UASB reactor. Wat. Res, 23; (12) 1483-1490. 
 
Behling E., Diaz A., Colina G., Herrera M., Gutierrez E., Chacin E., Fernandez N., 
Forster C. F. (1997). Domestic wastewater treatment using a UASB reactor. 
Bioresource Technol, 61; 239-245. 
 
Bhatti, Z. I., Furukawa K., and Fujita M.. (1993). Treatment performance and 
microbial structure of a granular consortium handling methanolic waste. J. 





Calli B, Mertoglu B, Inanc B, Yenigun O. (2005). Effects of high free ammonia 
concentrations on the performances of anaerobic bioreactors. Process Biochem, 
40;1285–1292. 
 
Chernicharo C.A.L., Marcilio dos Reis Cardoso. (1999). Development and Evaluation 
of a Partitioned Upflow Anaerobic Sludge Blanket (UASB) Reactor for the 
Treatment of Domestic Sewage from Small Villages, Wat.Sci.Technol, 40; 
(8)107-113. 
 
Chernicharo C. A. L., R.M.G. Machado (1998). Feasibility of the UASB/AF System 
for Domestic Sewage Treatment in Developing Countries, Wat.Sci.Technol. 38; 
(8)-(9); 325-332. 
 
Crites, R., Tchobanoglous, G. (1998). Small an Decentralized Wastewater 
Management Systems. Mc-Graw Hill, Boston, USA. 
 
Dolfing J. (1986). Granulation in UASB reactors. Water Sci Technol, 18;15–25. 
 
Drier, T.M. and Thurston, E.L. (1978). Preparation of Aquatic Bacteria for 
Enumeration by SEM. Journal of Scanning Electron Microscopy, 11; 843-848. 
 
Dubois, M., K.A. Gilles, J.K. Hamilton, P.A. Rebers and F. Smith. (1956).  
Colorimetric method for determination of sugars and related substances. Anal. 
Chem., 28; (3); 350-356. 
 
El-Mamouni R, Leduc R, Guiot SR (1997). Influence of the starting microbial nucleus 
type on the anaerobic granulation dynamics. Appl. Microbiol. Biotechnol, 47; 
189–194. 
 
Emiliano E.D, Alfons J.M.S, Ricardo A, and Jose L. Sanz. (2006). Phenotypic 
properties and  microbial diversity of methanogenic granules from a Full-Scale 
Upflow Anaerobic Sludge Bed Reactor treating Brewery wastewater. Appl. 
Environ. Microbiol., 72; 4942 – 4949. 
 
Eric D., Hullehusch V., Gieteling J., Daele W V., Defrancq J., Lens P. N.L. (2007). 
Effect of sulfate and iron on physico-chemical characteristics of anaerobic 
granular sludge. Biochemical Engineering Journal, 33;168 – 177. 
 
Fang, H. H. P., Chui H. K., and Li Y. Y.  (1994). Microbial structure and activity of 
UASB granules treating different wastewaters. Water Sci. Technol, 30; 87–96. 
 
Florencio L., Field J.A., Lettinga G. (1995). Substrate competition between 
methanogens and acetogens during the degradation of methanol in UASB 
reactors. Water Res., 29; 915–922. 
 
Fuchs W., Binder H., Marvis G., Braun R. (2003). Anaerobic treatment of wastewater 
with high organic content using a stirred tank reactor coupled with a membrane 





Foresti, E. (2001). Anaerobic treatment of domestic: established Technologies and 
perspectives. In: Proc. of the 9
th
 World Congress on Anaerobic Digestion – 
Anaerobic Digestion - Anaerobic Conversion for Sustainability Antwerp. 
Belgium, September 2-6; 37-42. 
 
Gnanadipathy, A., Polprasert, C. (1993) Treatment of domestic wastewater with 
UASB reactor. Water Sci. Technol., 27;195-203. 
 
Gonzalez J.S., Rivera A., Borja R., Sanchez E. (1998). Influence of organic 
volumetric loading rate, nutrient balance and alkalinity: COD ratio on the 
anaerobic sludge granulation of an UASB reactor treating sugar cane molasses. 
Int. Biodeterior Biodegrad, 41;127–131. 
 
Grotenhuis, J. T. C., Smit M., Plugge C. M., Xu Y., M. van Lammeren A. A., Stams 
A. J. M., and Zehnder A. J. B.. (1991). Bacteriological composition and structure 
of granular sludge adapted to different substrates. Appl. Environ. Microbiol., 57; 
1942–1949. 
 
Guiot S.R., Pauss A, Costerton J.W. (1992). A structured model of the anaerobic 
granule consortium. Water Sci. Technol., 25;1–10. 
 
Gujer W., Zehnder A.J.B. (1983). Conversion processes in anaerobic digestion. Water 
Sci. Technol., 15; 127–167. 
 
Guiot, S. R., Pauss A., and Costerton J. W. (1992). A structured model of the 
anaerobic granule consortium. Water Sci. Technol., 25;1–10. 
 
Gonzalez J.S., Rivera A., Borja R., and Sanchez E. (1998). Influence of organic 
volumetric loading rate, nutrient balance and alkalinity: COD ratio on the 
anaerobic sludge granulation of an UASB reactor treating sugar cane molasses. 
Int. Biodeterior Biodegrad, 41;127–131. 
 
Haandel A.C., van Lettinga G. (1994). Anaerobic sewage treatment: a practical guide 
for regions with a hot climate. Wiley, Chichester England 
 
Halalsheh M., Sawajneh Z., Zu‘bi M., Zeeman G., Lier J., Fayyad M., and Lettinga 
G.( 2005). Treatment of strong domestic sewage in a 96m
3
 operated at ambient 
temperatures: two-stage versus single-stage reactor. Biorsource Technol., 96;  
577-585. 
 
Henze M., Harremoes P. (1983). Anaerobic treatment of wastewater in fixed film 
reactors—a literature review. Water Sci. Technol., 15;1–101. 
 
Herbert H., Fang P. (1997). Inhibition of bioactivity of UASB granules by 
electroplating metals. Pure & Appl. Chem., 69; (11); 2425-2429. 
 
Hughes J., Ramsden D.K., Symes K.C. (1990). The flocculation of bacteria using 





Isik M, Sponza D.T. (2005). Effects of alkalinity and co-substrate on the performance 
of an upflow anaerobic sludge blanket (UASB) reactor through decolorization of 
Congo red azo dye. Bioresour. Technol., 96; 633–643. 
 
Jarrell K.F., Kalmokoff M.L. (1988). Nutritional requirements of the methanogenic 
archaebacteria. Can J. Microbiol., 34; 557–576. 
 
Jeong H.S., Kim Y.H., Yeom S.H., Song B.K., Lee S.I. (2005). Facilitated UASB 
granule formation using organic–inorganic hybrid polymers. Process Biochem., 
40; 89–94. 
 
Jianrong, Z., Jicui H., and Xiasheng G.. (1997). The bacterial numeration and an 
observation of a new syntrophic association for granular sludge. Water Sci. 
Technol., 36; 133–140. 
 
Kadam  P.C., Boone D.R. (1996). Influence of pH on ammonia accumulation and 
toxicity in halophilic, methylotrophic methanogens. Appl. Environ. Microbiol.,  
62; 4486–4492. 
 
Kalogo, Y., Verstraete, W. (2001). Potentials of anaerobic treatment of domestic 
sewage under temperate climate conditions. In Lens, P., Zeeman, G., Lettinga, G. 
(Eds.), Decentralized Sanitation and Reuse: Concepts, Systems and 
Implementations. IWA Publishing, 181-203. 
 
Kalyuzhnyi S.V., Sklyar V.I., Davlyatshina M.A., Parshina S.N., Simankova M.V., 
Kostrikina N.A., Nozhevnikova A.N. (1996). Organic removal and 
microbiological features of UASB-reactor under various organic loading rates. 
Bioresour. Technol., 55; 47–54. 
 
Kansal A., Rajeshwari K. V., Balakrishnan M., Kusum L., Kishore V. V. N. (1998). 
Anaerobic digestion technologies for energy recovery from industrial 
wastewater- a Study in Indian context. TERI Information Monitor on 
Environmental Science, 3; 67-75. 
 
Kosaric, Blaszczyk N., R., Orphan L., and Valladares J. (1990). The characteristics of 
granules from upflow anaerobic sludge blanket reactors. Water Res., 24; 1473–
1477. 
 
Koster, I. W. (1988). Microbial, chemical, and technological aspects of the anaerobic 
degradation of organic pollutants, p. 285–316. In D. L. Wise (ed.), CRC 
biotreatment systems. CRC Press, Boca Raton, Fla. 
 
Koster I.W., Lettinga G. (1984). The influence of ammonium-nitrogen on the specific 
activity of palletized methanogenic sludge. Agric. Wastes, 9; 205–216. 
 
Lau I.W.C., Fang H.H.P. (1997). Effect of temperature shock to thermophilic granules. 





Lens P., de Beer D., Cronenberg C., Ottengraf S., Verstraete W. (1995). The use of 
microsensors to determine population distributions in UASB aggregates. Water 
Sci. Technol., 31; 273–280. 
 
Lettinga, G. de Man, A.W .A., Van der Last, A.R.M., Wiegant, W., Knipenberg, K., 
Frijns, J., Van Buuren, J.C.L. (1993). Anaerobic treatment of domestic sewage 
and wastewater. Water Sci. Technol., 27; 67-73. 
 
Lettinga G and Hulshoff Pol L.W. (1991). UASB—process design for various types 
of wastewaters. Water Sci Technol, 24:87–107. 
 
Lew B., Belavski M., Admon S., Tarre S., and Green M. (2003). Temperature effect 
on UASB reactor operation for domestic wastewater treatment in temperature 
climate regions, Wat.Sci.Technol, 48, (3): 25-30. 
 
Lin CY, Chen CC (1999) Effect of heavy metals on the methanogenic UASB granule. 
Water Res 33:409–416 
 
Lin, K.and Yang, Z. (1991). Technical review on the UASB process. Int. J. Environ. 
Studies, 39 ; 203-222. 
 
Liu, W. T., Marsh, T.L., Cheng, H., and Forney, L.J. (1997). Characterization of 
microbial diversity by determining terminal restriction fragment length 
polymorphism of genes encoding 16S rRNA. Appl. Environ. Microbiol; 63; 
4516-4522. 
 
Liu, W. T., Marsh, T.L., Cheng, H., and Forney, L.J. (1998). Determination of the 
microbial diversity of anaerobic-aerobic activated sludge by a novel molecular 
biological technique and Water Sci Technol, 37: 417-422. 
 
Liu Y., Xu H.L., Yang S.F., and Tay J.H. (2003). Mechanisms and models for 
anaerobic  granulation in upflow anaerobic sludge blanket reactor. Water Res, 
37;661–673. 
 
Lowry, O.H., Rosenbrough N.J., Farr A.L.  and Randall R.J. (1951). Protein 
measurement with the folin phenol reagent. J. Biol. Chem., 191, (1);265-175. 
 
Macario A.J.L., Visser F.A., Van Lier J.B., and De Macario E.C. (1991). Topography 
of methanogenic subpopulations in a microbial consortium adapting to 
thermophilic conditions. J. Gen. Microbiol; 137:2179–2189. 
 
MacLeod, F. A., Guiot S. R., and Costerton J. W. (1990). Layered structure of 
bacterial aggregates produced in an upflow anaerobic sludge bed and filter 
reactor. Appl. Environ. Microbiol, 56;1598–1607. 
 
Mahmoud, N.J.A. (2002) Anaerobic pre-treatment of sewage under low temperature 
(15
0
C) conditions in an integrated UASB-Digester system. Ph.D. Thesis. 





Mahmoud N., Zeeman G., Gijzen H., and Lettinga G. (2004). Anaerobic sewage 
treatment in a one-stage UASB reactor and a combined UASB-Digester system. 
Water Res, 38; 2348-2358. 
 
Manoj K. T.,  Guha S., Harendranath C. S., Tripathi S. (2006). Influence of extrinsic 
factors on granulation in UASB reactor. Appl. Microbiol Biotechnol., 71;145-
154. 
 
Marsh, T.L., Liu, W.T., Forney, L.J., and Cheng, H. (1998). Beginning a movecular 
analysis of the eukaryal community in activated sludge. Water Sci. Technol. 37; 
455-460. 
 
Metcalf and Eddy (2004). Wastewater Engineering: Treatment and Reuse, 
International Edition, McGraw Hill 
 
Morgan J.W., Forster C.F., Evison L.M. (1990). A comparative study of the nature of 
biopolymers extracted from anaerobic and activated sludge. Water Res., 24; 743–
750. 
 
Micheal S.S., Albert B. D., John. D., Eliot E., Joseph B. F. (2002). Developing 
protocols for measuring biosolids stability, Water Environment Res. Foundation, 
Project 99-Pum-3: 5-4 to 5-14   
 
Myburg C., Britz T.J. (1993). Influence of higher organic loading rates on the 
efficiency of an anaerobic hybrid digester while treating landfill leachate. Water 
SA 19; 319–324. 
 
Oleszkiewicz J.A, Sharma V.K. (1990). Stimulation and inhibition of anaerobic 
processes by heavy metals— a review. Biol. Wastes, 31; 45–67. 
 
Osborn A. M, Edward R. B. Moore, Kenneth N. Timmis (2000). An evaluation of 
terminal-restriction fragment length polymorphism (T-RFLP) analysis for the 
study of microbial community structure and dynamics, Environmental 
Microbiology 2, 1; 39–50. 
 
Quarmby, J., and C. F. Forster. (1995). A comparative study of the internal 
architecture of anaerobic granular sludges. J. Chem. Technol. Biotechnol, 63; 
60–68. 
 
Raskin, L., (1994). Quantification of methanogenic groups inanaerobic biological 
reactors by oligonucleotide probe hybridization. Appl. Environ. Microbiol., 60; 
1241-1248. 
 
Ricardo F, G., Vera L. de A., Chernicharo C. A. L. (1998). Association of a UASB 
reactor and a submerged aerated biofilter for domestic sewage treatment. Water 
Sci. Technol., 39 (8)-(9); 189-195. 
 
Ruiz I., Soto M., Veiga M. C., Ligero P., Vega A., Biazquez R. (1998). Performance 
of  and biomass characterization in a UASB reactor treating domestic wastewater 





Schellinkhout, A., Collazos, C.J. (1992). Full-scale application of UASB technology 
for sewage treatment. Water  Sci. Technol., 25;159-166. 
 
Schmidt J.E., Ahring B.K. (1996). Granular sludge formation in upflow anaerobic 
sludge blanket (UASB) reactors. Biotechnol. Bioeng., 49; 229–246. 
 
Seghezzo L., Zeeman G., van Lier J.B., Hamelers H.V.M., Lettinga G. (1998). A 
review: the anaerobic treatment of sewage in UASB and EGSB reactors. 
Bioresour. Technol., 65; 175–190. 
 
Sekiguchi Y., Kamagata Y., Nakamura K., Ohashi A.,  and Harada H. (1999). 
Fluorescence in situ hybridization using 16S rRNA-targeted oligonucleotides 
reveals localization of methanogens and selected uncultured bacteria in 
mesophilic and thermopilic sludge granules. Appl. Environ. Microbiol., 65; 
1280–1288. 
 
Shayegan J., Ghavipanjeh F., Mirjafari P. (2005). The effect of influent COD and 
upward flow velocity on the behavior of sulphatereducing bacteria. Process 
Biochem.,  40; 2305–2310. 
 
Shigeki U., Hikeki H. (2000). Treatment of sewage by a UASB reactor under 
moderate to low temperature conditions. Bioresource. Tech., 72; 275-282. 
 
Show K.Y., Wang Y., Foong S.F., Tay J.H.J. (2004). Accelerated start-up and 
enhanced granulation in upflow anaerobic sludge blanket reactors. Water Res., 
38; 2293–2304. 
 
Singh R.P., Kumar S., Ojha C.S.P. (1999). Nutrient requirement for UASB process: a 
review. Biochem. Eng., 3; 35–54. 
 
Speece R.E. (1983). Anaerobic biotechnology for industrial wastewater treatment. 
Environ. Sci. Technol. 17; 416A–427A. 
 
Stams, A. and S. Oude Elferink.(1997). Understanding and advancing wastewater 
treatment. Current opinion in Biotechnology, 8; 328-334. 
 
Stahl D., Flesher B., Mansfield H R., Montgomery L. (1988). Use of phylogenetically 
based hybridization probes for studies of ruminal microbial ecology. Appl. 
Environ.  Microbiol., 54; 1079-1084. 
 
Staley, J. T., Bryant M. P., Pfennig N., and Holt J. G. (1989). Bergey‘s manual of 
systematic bacteriology, (3). Williams & Wilkins, Baltimore, Md. 
 
Souza, J.T. Foresti, E. (1996). Domestic sewage treatment in an upflow anaerobic 
sludge blanket-sequencing batch reactor system. Water Sci. Technol., 33; 73 -84. 
 
Suzuki, M., Rappé, M.S., and Giovannoni, S.J. (1998). Kinetic bias in estimates of 




subunit rRNA gene PCR amplicon length heterogeneity. Appl. Environ. 
Microbiol., 64; 4522-4529. 
 
Sylvie R, Charles W. G, John R. L, Christine C, Louise, and Serger. G. (1999). 
Differentiation of Methanosaeta concilii and Methanosarcina barkeri in 
Anaerobic Mesophilic Granular Sludge by Fluorescent In Situ Hybridization and 
Confocal Scanning Laser Microscopy. Appl. Environ. Microbiol, 65; 2222–2229. 
 
Syutsubo K., Harada H., Ohashi A., Suzuki H. (1997). An effective start-up of 
thermophilic UASB reactor by seeding mesophilically- grown granular sludge. 
Water Sci. Technol. 24; 35–59. 
 
Tay J.H., Xu H.L., Teo K.C. (2000). Molecular mechanism of granulation: I. H+ 
translocation – dehydration theory. J. Environ. Eng., 126; 403– 10. 
 
Teer J.E., Leak D.J., Dudeney A.W.L., Nayaranan A., Stuckey D.C. (2000). Changes 
in pre-formed granule composition and structure in sulphidogenic UASB treating 
a synthetic ferric oxalate wastewater. Environ. Technol., 21; 1325–1335. 
 
Tiwari M.K., Guha S., Harendranath C.S., Tripathi S. (2005). Enhanced granulation 
by natural ionic polymer additives in UASB reactor treating low-strength 
wastewater. Water Res., 39; 3801–3810. 
 
Uemura S., Harada H. (2000). Treatment of sewage by a UASB reactor under 
moderate to low temperature conditions. Bioresour. Technol. 72; 275–282. 
 
Van der Maarel, M.J.E.C., Artx, R.R.E., Haanstra, R., and Forney, L.J (1998). 
Association of marine Archaea with digestive tracts of two marine fish species. 
Appl. Environ. Microbiol. 64; 2894-2898. 
 
Van Lier J.B., Rintala J., Sanz Martin J.L., and Lettinga G. (1990). Effect of short-
term temperature increase on the performance of a mesophilic UASB reactor. 
Water Sci. Technol., 22; 183–190. 
 
Verrier D., Mortier B., Dubourguier H.C., Albagnac G. (1988). Adhesion of anaerobic 
bacteria to inert supports and development of methanogenic biofilms. In: Hall ER, 
Hobson PN (eds) Anaerobic digestion. Pergamon, Oxford, 61–70 
 
Wiegant W.M., Lettinga G. (1985). Thermophilic anaerobic digestion of sugars in 
upflow anaerobic sludge blanket reactors. Biotechnol. Bioeng., 27; 1603–1607. 
 
Wikström, P., Andersson, A.-C., and Forsman, M. (1999). Biomonitoring complex 
microbial communities using random amplified polymorphic DNA and principal 
component analysis. FEMS Microbiol. Ecol., 28; 131-139. 
 
Yuji Sekiguchi, Yoichi Kamagata, Hideki Harada. (2001). Current Opinion in 
Biotechnology, 12; 277 – 282. 
 
Zinder S.H. (1990). Conversion of acetic acid to methane by thermophiles. FEMS 





Zinder SH, Anguish T, Cardwell SC (1984) Effects of temperature on methanogenesis 
in a thermophilic (58 °C) anaerobic digester. Appl Environ Microbiol 47:808–
813 
 
Zhou W, Imai T , Ukita M, Sekine M, Higuchi T. (2006) Triggering forces for 
anaerobic granulation in UASB reactors, Process biochemistry, Vol. 41, 1:36-43  
 
